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Abstract
With the advances made over the past two decades in microelectronics, the
necessities to the fabrication of high quality materials, from semiconductors to oxides,
has become increasingly stringent. To adapt to the increasing demand of new device
structures, often a single material will not exhibit all the desired properties, and combining
two or more materials to form artificial structures with tailored electronic and magnetic
properties become essential. A deeper understanding of the relationship between physical
properties of these materials and their nanostructure is therefore required. This can be
achieved through atomic engineering, whereby new materials are fabricated specifically
to have the desired properties, leading to new devices and applications. In this thesis the
ability to fabricate high quality interfaces and superlattice structures between different
lanthanum-based perovskites (LaMO3 M=Ni and Mn) is demonstrated. Using a pulsed
laser deposition equipped with in-situ reflection high-energy electron diffraction (RHEED),
single unit-cell control of the deposition process could be achieved. Since the single
layer thickness of the unit-cell can significantly influence the macroscopic properties of
such superlattices, it is important to distinguish between the effects arising due to short
periodicity and those properties from the growth of each constituent layer. Therefore
detailed analysis of the layers and superlattice structures is essential to completely
understand the nature of these new materials properties. Unusual magnetic properties,
such as spin glass-like behaviour and an exchange bias, were observed for the LaMnO3
films grown at high temperatures in lower oxygen pressure. This indicates an intrinsically
inhomogeneous magnetic state in the locality of the transition. It has been shown that
the crystal structure of LaNiO3 is much more sensitive to the growth temperature and
prone to decomposition into a secondary phase of La2NiO4, that is preferentially grown
in the plane of the film detected by grazing-incidence angle XRD and scanning TEM.
RHEED data, including strong intensity oscillations and streaky patterns, suggest that the
growth of both these materials can be optimised with purely 2D growth mode, and hence
making it possible to grow single unit cell layers of these materials. The resulting strong
RHEED intensity oscillations and sharp XRD features indicate high quality material
growth. However small variations in the growth process lead to the formation of a
Ruddlesden-Popper phase. In this thesis the ability to identify the octahedral connectivity,
enabled by significantly improved epitaxial growth of short-period superlattices has been
shown for the first time using precise surface analysis and atomic resolution transmission
electron microscope. A Jahn-Teller type distortion of the MnO6 octahedra evolves during
the deposition to reduce the symmetry by increasing the degeneracy of the energy levels
leading to a (
√
2×√2)R45◦) surface reconstruction. This method can be used as an
emerging route to detection of the deterministic octahedral distortions by engineering
potential new functionalities by identifying the phase of the terminating layer.
xix
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Chapter 1
Introduction
1.1 Overview
In the past two decades, an explosive worldwide growth of research efforts has been
witnessed in nanotechnology and nanoscience, in view of their tremendous potential for
novel functionalities. Nanotechnology, as noted on the National Nanotechnology Initiative
website (www.nano.gov), is the control and understanding of matter at dimensions of
≈1 to 100 nanometres (A nanometre is one billionth of a meter equivalent to 1/100, 000
the width of a human hair), where exceptional phenomena allow novel applications.
A nanoscale approach has revolutionised the methods in which matter is synthesised
and processed [1]. After just over a half of a century, when Richard Feyman gave
his famous talk, ’There is Plenty of Room at the Bottom’ [2] and he imagined a
science and art of manipulating matter and creating novel structures on an atomic
scale, nanotechnology is finding its way to commercial use. For instance, over 1,600
nano-enabled consumer products (identified by manufacturers) are listed on the Project
on Emerging Nanotechnologies website [3] ranging from the second lightest ice axe in the
world, CAMP Corsa Nanotech (featuring innovative Sandvik Nanoflex steel [4]), to germ
free wireless laser mouse (IOGEAR, using titanium dioxide and silver as nano materials
[5]). Clearly, the application of nanotechnology can be found in a wide spectrum of
fields from medicine to physics. It has been shown that unlimited opportunities can
arise from using atoms [6], molecules [7] or nanoparticles [8] as building blocks to create
nano-structures and devices with emergent functionalities. In this thesis, the focus is on
manipulation of matter at an atomic scale.
The observed miniaturisation trend in devices has mostly been driven by the
semiconductor industry to fabricate more efficient computers in smaller sizes, even moving
towards the fabrication of quantum computers [9, 10]. Recent developments in magnetic
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materials have played a crucial role in the advancement of data storage and magnetic
memories in information technology [11]. At present, thin film magnetic memory devices
such as magnetic random access memory (MRAM) and sensors are at the heart of every
computer [12]. Presently, the fast growing field of ’spintronics’ has stimulated intense
research activities to search for new unprecedented functionalities and novel applications
[13, 14, 15].
In this context, a class of materials called ’transition metal oxides’ (TMOs) possess
a variety of properties that are not easily accessible in conventional semiconductors. In
TMOs, the hybridisation of the d-orbitals of the transition metal along with the p-orbitals
of oxygen, leads to a band gap narrowing. Such a strongly correlated system with a
narrow band enhances the coupling effect between spins, charge and degrees of freedoms
of the lattice as a result of orbitals overlapping and strong electronic interactions [16].
The potential significance of this electronic complexity is in the application of TMOs,
where their diverse ground states can have additional orbitals and lattice degrees of
freedom. These add to charge (such as semiconducting electronics) [17], or interaction
of charge and spin (i.e. spintronics) [18], giving rise to colossal responses to small
perturbations in the system. In addition, exotic phenomena can also be observed when
competing phases of material are combined, e.g., insulating and metallic phases [19].
Among these, the colossal magnetoresistance effect (CMR) in manganites [20] and high
TC superconductivity in copper oxides [21] are some of the more impressive examples.
CMR is magnetoresistance related to a magnetic phase transition from ferromagnetic
to paramagnetic. The parent compound of classical CMR compounds is the perovskite
LaMnO3 [22]. Magnetoresistance was first observed in manganite thin films by Von
Helmolt et al. [23] and Chahara et al. [24]. Efforts to reach CMR were initiated after Jin
et al. [25] discovered very large magnetoresistance. CMR was reported in a single crystal
of doped LaMnO3 by Tokura group [20], where a dramatic change in the resistance by
orders of magnitude was observed near the phase transition temperature in the presence
of a magnetic field. The metallic state in manganites and its strong correlation with the
external magnetic field comes from the mixed valence of Mn ions (Mn3+ and Mn4+).
According to the Hund’s rule, the spin and charge transfer is only allowed when the core
spins of Mn4+ are aligned with the core spins of the Mn3+ [26]. CMR is one the most
fascinating phenomena in TMOs because of its possible application in magnetic memory
devices such as MRAMs [27, 28]. Since the use of CMR effect in MRAMs is in a thin
film form, much research has been carried out to achieve the best structural and physical
properties.
There are other techniques used to synthesise TMOs in thin film forms over their
conventional bulk preparation such as pulsed laser deposition (PLD), molecular beam
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epitaxy (MBE), and metal-organic chemical vapour deposition (MOCVD). A turning
point for the current developments in the field of complex oxides has been the further
advancement in the instrumentation of thin film growth techniques by adding the in-situ
surface monitoring techniques that can operate at high pressures. For instance, in a PLD
system, addition of a differentially pumped reflection high energy electron diffraction
(RHEED) technique [29] makes layer-by-layer growth of complex oxide heterostructures
possible with atomically sharp interfaces.
In this study, LaMnO3 was chosen to be synthesised using a PLD system. LaMnO3
can also be a platform for coupling several degrees of freedom such as lattice, spin and
charge as a model system of complex oxides in order to shed light on their rich physics.
Later on in this work, LaMnO3 is used as a constituent in the superlattices containing
LaMnO3 and LaNiO3. It can be expected that interfaces between different TMOs have
a profound effect on physical properties and can open a door to new and unexpected
behaviour. Unpredicted two-dimensional electron gas (2DEG) at the interface between
two insulating compounds [30], magnetic tunnel junctions, and devices based on the
exchange bias effect [31] are some of the many examples where the critical role of
the interface has been actively explored [32]. Theoretical calculations of magnetism in
superlattices containing LaNiO3 and LaMnO3 [33] suggested that LaNiO3 in the (001)
orientation superlattices is almost always non-magnetic. It has also been proposed that
two unit cells (u.c.) of LaMnO3 separated by one monolayer of LaNiO3, would carry as
high a magnetic moment as 8 µB [34].
However, the origin of these effects cannot be truly attributed to the interfaces
without preliminary understanding of the often fabrication dependent properties [35].
Underlying physics relevant to TMOs, with more focus on the manganites, will be
discussed to improve understanding of the role of thin film deposition conditions such
as stoichiometry, oxygen content and epitaxial strain in determination of the magnetic
properties. Then, basic structures of perovskite oxides are discussed. The motivation
and outline of the thesis will be the last sections.
1.2 Manganites and lattice features
TMOs show a diverse set of electronic properties such as semiconductivity,
metallic conductivity and superconductivity. They can also be dielectric and Mott-
Hubbard insulators [36, 37]. The diversity arises from a combination of characteristics
such as geometry (i.e. crystal symmetry), quantum electrostatic and chemical properties
(i.e. strong electron correlation effect, metal-to-oxygen bond length, degree of covalency
or ionic bonding). In TMOs, particularly in manganites, the d-band occupancy not only
3
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Figure 1.1: Four of the possible magnetic structures in manganites with their labels for
the B-site cation in a perovskite lattice. a) A-type, b) C-type and c) G-type represent
antiferromagnetic ordering and d) represents the ferromagnetic ordering. The arrows at
the position of Mn ions represent the spin projections along the z-axis. [20].
tunes the transport properties but also the magnetic state as a result of interaction
between the oxygen ligand and the manganites d-orbital within the crystal environment.
However most of these electronic properties can qualitatively be understood by analysing
the d-band occupation using simple models such as crystal field theory [38]. A brief
description of magnetic properties in manganites is given, followed by a brief discussion of
crystal field theory. Some of the exchange interactions in manganites are also introduced.
1.2.1 Magnetic ordering
Magnetic order arises in materials as a result of interactions between magnetic
moments. According to the Heisenberg model the neighbouring spins of Si and Sj are
interacting with the following Hamiltonian
H = −
∑
ij
JijSi.Sj (1.1)
where Jij describes the spin interaction between the i-th and j-th spins and its value
is called the exchange constant. The positive or negative values of the exchange
constant favour parallel (ferromagnetic) or antiparallel (antiferromagnet) spin alignment,
respectively. Figure 1.1 represents four of the possible magnetic structures in manganites
labelled as AF for antiferromagnetic and FM for ferromagnetic. A-type, C-type and G-type
represent commensurate antiferromagnetism, which are composed of the ferromagnetic
planes of {100}, {110} and {111} when they are oppositely aligned. The last structure
(from the left) represents the ferromagnetic ordering. If there is no magnetic field applied
to an antiferromagnet, it has zero net magnetisation as the moments are arranged in a
way so that they cancel each other out. In an antiferromagnetic system, the periodicity of
the spins can be linked to the structure of the crystal. This situation of antiferromagnetic
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order is described as commensurate. Conversely, it can be independent of the crystal
structure which is then described as incommensurate.
1.2.2 Crystal field theory
In crystal field theory for a strongly correlated system, it is assumed that the model
is purely ionic, the charge is tied to the atomic position and the local structure is only
affected by interactions with the first neighbours i.e. in an octahedral coordination, the
negatively charged anions (oxygen) stabilise the central cation (the transition metal Mn)
by the Coulomb interaction [39]. The geometry of the central cation in the octahedral
coordination is depicted in figure 1.2-a.
To understand the effect of local environments on defining the crystal energy
levels of an atom, the shape of atomic orbitals is of great importance. Suppose, for the
simplest case, that the central cation has one d electron with the quantum numbers
s = 1/2, l = 2 and the degeneracy 2l+ 1. These five orbitals have the same radial parts
but different associated angular wave functions. The angular dependence of d orbitals
can be shown by the charge cloud distributions represented in figure 1.2. For the Mn3+
ion located in an octahedron formed by 6 neighbouring O2− ions, there are electrostatic
forces between the 2p orbital of oxygen ions and Mn 3d orbital. In the d orbital two
classes of energy levels exist including the t2g in which the orbitals are pointing between
the x, y and z axes. The other group is the eg orbitals pointing along these axes. In
an octahedron the charge will point into six discrete points (the six oxygen ions in the
corners of octahedra). To conserve energy the orbitals are no longer degenerate. The
energy levels eg are comprised of the d3z2−r2 and dx2−y2 levels. The dxz, dyz and
dxy are grouped together to form the t2g levels. Figure 1.2-c depicts in 3D the effect
of the crystal environment on the dx2−y2 and dxy orbitals in an octahedral symmetry.
Comparing with the dx2−y2 orbital, lower electrostatic energy is formed for the dxy
orbital since it has a lower overlap with the 2p oxygen orbitals as they are pointing along
the x and y axes. Hence there is a lower energy configuration for t2g levels than eg levels
in an octahedral crystal environment [40].
The splitting between the two energy levels is shown in figure 1.2-b by ∆. The
important assumed rule about the energy splitting is that they obey a centre of gravity
rule in energy that is not changed by perturbation [39]. Considering that the energy of
the 4 electrons in eg should be compensated by that of the 6 electrons in t2g, ∆ and the
energy shift of the orbital in single d electron system are related such that
E(t2g) + 2/5∆ = E(eg)− 3/5∆. (1.2)
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Figure 1.2: The angular distribution of the d orbitals. a) The dx2−y2 and d3z2−r2 levels
are grouped together and called energy level eg. The dxz, dyz and dxy are grouped
together to form the t2g levels. b) Crystal field splitting because of the octahedral
symmetry. The central atom is Mn and corner atoms are oxygen. c) The crystal field
originated due to the electrostatic interactions. The dx2−y2 is in higher energy levels
compared to the dxy orbital in an octahedral symmetry.
6
d(z²)3d orbitals
d(x²-y²)
d(xy)
d(yz), d(xz)
Mn Crystal FieldFree Mn ion Mn Jahn-Teller Field
eg
t2g
distortion
Central atom (Mn)
Oxygen
b)a)
Figure 1.3: Schematic presentation of a) the 3d band energy levels for only one manganese
ion (left), an octahedral crystal field (middle) and a JahnTeller distortion in the form of
a tetragonal crystal field (right). b) The structural disorder stabilises antiferromagnetic
arrangement with depicted orbital ordering (adapted from [41]).
∆, in general, is dependent on the geometry of the crystal, the ionic repulsions, and also
an effect called Jahn-Teller.
1.2.3 Jahn-Teller effect
A Mn3+ ion in the centre of an octahedron has four electrons in its 3d shell
which is not fully filled. According to Hund’s rule the preferred spin configuration for the
system is when spins are all aligned in one direction. This will then put 3 electrons in
the lower energy level (t2g) and one electron in the higher energy level (eg). In this high
spin system, the total spin is S=2.
If the octahedron is distorted by straining out-of-plane (along its z-axis), and
consequently a compression in the in-plane direction (x-axis and y-axis), a splitting in
energy levels occurs (t2g and eg split), so that the lone electron in eg is in the lower
energy state (figure 1.3). This is known as Jahn-Teller distortion. As shown in the
lower panel of figure 1.3, the distortion of the octahedra lowers the symmetry of the
cubic structure in a way that the centre of gravities of the t2g and eg levels remains
unchanged. Therefore, the formation of Mn2+ or Mn4+ is not favourable. However, the
total electronic energy of Mn3+ is lowered at the expense of an elastic term, hence there
7
is a tendency of d4 ions to experience the cooperative Jahn-Teller distortion. Two main
proposed mechanism to explain this distortion are one-electron electron-phonon coupling
[42] and many body Kugel-Khomskii superexchange [43]. At a transition temperature
TJT=700 K, the 3d
4 Jahn-Teller cation exhibits a first-order cooperative orbital ordering
[44] where the stabilised orbitals are 3d3x2−r2 and 3d3y2−r2 . Figure 1.3-b represents
the A-type antiferromagnetic structure where ferromagnetic (001) planes are coupled
antiparallel. This orbital ordering in LaMnO3 has been observed and confirmed by neutron
scattering [45] and resonant X-ray scattering [46]. The 3 t2g electrons give a localised
spin S = 3/2 in all the manganese-oxide perovskites even where the eg electrons are
transformed to itinerant electrons of a narrow band in a mixed Mn3+/Mn4+ valence
state. However, eg electrons remain localised in the single valence manganites [47].
Considering the position of oxygen orbitals along the coordinate axis, not any of the dxy,
dxz and dyz orbitals overlap with the O 2p orbitals. Therefore the only orbitals which
are hybridised with O 2p orbitals are the eg levels, thus, these are the only ones involved
in the superexchange interactions [44].
1.2.4 Superexchange
Exchange interactions between magnetic moments results in long range magnetic
ordering. Direct exchange is when the exchange occurs between neighbouring spins but
if the process happens through some intermediate interactions, it is called superexchange
or indirect exchange. This can be described as an indirect exchange between non-
neighbouring magnetic ions via a nonmagnetic ion which is placed between the 2
magnetic ions. For example, in a system with two transition metal ions of Mn separated
by an oxygen ion, if the system was perfectly ionic, each Mn d orbital would have one
unpaired electron and oxygen would have two electrons in the p shell. Figure 1.4 shows
that the energy of the system is lowered if the antiferromagnetic coupling occurs since
both electrons in an oxygen 2p can freely move from oxygen ions into unoccupied Mn
3d orbitals.
When the Mn moments have antiferromagnetic ordering the ground state con-
figuration is shown in figure 1.4-a which can be mixed with the excited states (figure
1.4-a’ and -a”). In this way, the magnetic ions become delocalised over the Mn-O-Mn
bond; therefore the kinetic energy of the system is lowered. On the other hand, if the
moments on the Mn atom are ferromagnetically ordered the ground state configuration
figure 1.4-b cannot be mixed with the excited states (figure 1.4-b’ and b”) as a result of
the exclusion principle. The antiferromagnetic configuration (a) thus has lower energy
than the ferromagnetic configuration (b). The magnetic ordering is typically observed
by orbital ordering applied by the Goodenough-Kanamori rules [48, 49] which was later
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Figure 1.4: Schematically depiction of a superexchange bond in a magnetic oxide. The
arrows show the spins of the 4 electrons and their distribution between oxygen and
transition metal (Mn) ion with only a single unpaired electron. When the Mn moments
have antiferromagnetic ordering (a, a’, and a”) the ground state configuration is (a)
which can be mixed with the excited states (a’ and a”). In this way, the magnetic ions
become delocalised over the Mn-O-Mn bond; therefore the kinetic energy of the system
is lowered. If the moments on the Mn atom are ferromagnetically ordered (b, b’, and
b”) there is no possibility for the ground state (b) to be mixed with the excited states
(b’ and b”) due to the exclusion principle.
modified by Anderson [50]. These rules expect a strong antiferromagnetic ordering
when the two magnetic ions have orbital lobes of the 3d shells (occupied with a single
electron) pointing towards each other and have a large overlap typically occurring for
the M-O-M bond angle of 120-180◦. On the contrary, a weak ferromagnetic ordering is
expected when the singly occupied d orbitals have zero overlap due to the symmetry.
This is mostly the case when the angle M-O-M is ≈90◦. Goodenough explained the
phase diagram of mixed valence manganites La1−xCaxMnO3 (0 ≤ x ≤ 1) obtained by
Wollen and Koehler [51] by superexchange interaction between Mn ions. He assumed the
existence of the square and coplanar hybridisation of the dsp2 for Mn3+ and hybridisation
of d2sp3 for Mn4+ leading to the octahedral bonding to its nearest neighbours [52]. Thus,
orbital and charge ordering depend on the ratio of the Mn4+ to Mn3+ ions, and hence
determine the magnetic configuration and the distortion of the crystallographic structure.
La1−xCaxMnO3 exhibits a different type of antiferromagnetism from its parent material
(x = 0 and x = 1). When x = 0, LaMnO3 shows an out of plane antiferromagnetism
when the in-plane Mn ions are coupled ferromagnetically due to the in-plane overlap
of the dz2 orbitals, known as A-type antiferromagnetism (figure 1.1). For the other
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Figure 1.5: Schematic illustration of a) the double-exchange mechanism which leads to
ferromagnetic coupling between Mn3+ and Mn4+ ions taking part in electron transfer
only if the neighbouring atoms are ferroelectrically aligned. b) when the d3 spins are
antiparallel; there is a large energy barrier as a result of the Hund’s rule interaction
preventing the electron hopping.
end parent material (x = 1), type G antiferromagnetism is present where each Mn is
antiparallel to its six near neighbours. For concentration x = 0.3, the compound has the
highest mobility with ferromagnetic domains explained by double-exchange [44].
1.2.5 Double-exchange
In some oxides, there is the possibility to have a ferromagnetic exchange interaction
due to the mixed valence of the magnetic ion. For example, perovskite manganite
compounds such as La1−xSrxMnO3 (0 ≤ x ≤ 1), have both Mn3+ (d4 t32ge1g) and
Mn4+ (d3 t32g) ions as a central atom in the octahedral coordination. In this compound,
the fraction of x implies the amount of Mn ions in Mn4+ oxidation state. In Mn 3d,
the t2g electrons are less hybridised with the oxygen 2p, localised due to the strong
correlation effect, and stabilised by the crystal field splitting forming local spin S = 3/2
[20]. Such a strong correlation, indeed, affects the broad band eg electrons which are
heavily hybridised with the O 2p states, so they become localised in the parent Mn3+
compound (for x = 0), therefore the perovskite structure forms a Mott-insulator with
antiferromagnetic arrangement. The fourth electron in eg can be itinerant and participate
in the conduction by hopping from one t32g core to another, figure 1.5. On the adjacent
sites i and j, the electronic configurations (d4i d
3
j and d
3
i d
4
j ) are considered degenerate.
Considering that the Hund’ rule exchange coupling (JH) between the t2g and eg electrons
is strong on each site (≈2 eV) [44], the electron can only hop freely if the d3 electron
spins are parallel (figure 1.5-a). However there is a large energy barrier when the d3
spins are antiparallel as a result of the Hund’s rule interaction (figure 1.5-b). In case
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of misalignment of the spins by an angle θ in the adjacent sites, the effective hopping
interaction (tij) can be shown by
tij = t
0
ij cos(θij/2), (1.3)
where θij is the relative angle between the neighbouring spins [20]. The absolute
magnitude of the effective hopping therefore varies as cos(θij/2). The interaction due
to the exchange of the conduction electron is called ’double-exchange’ (DE) interaction
[53] and is ferromagnetic because the transfer is zero when the spins are antiparallel
(θij = pi) [11]. The eg electron hopping can be enhanced by creating hole doping or
electron-vacancy influenced by the configuration of the local spins. When θij is zero
the kinetic energy of the conduction electrons is maximised promoting the metallic
ferromagnetic state. By increasing the temperature to near or above the ferromagnetic
transition temperature known as Curie temperature (TC), the orientation of the spins
becomes disordered and hence the effective hopping interaction is decreased on average
due to the disorder. This results in an increase in the resistivity near and above the
TC , where large magnetoresistance can be expected. The physics of CMR, however, is
fascinating and far more complex that can be simply explained by the DE interactions.
For further reading, there are several comprehensive review articles as great resources on
this subject [22, 54, 55, 56, 57, 58]. The next section is a brief introduction to another
family of TMOs, nickelates, that was studied in this thesis.
1.3 Nickelates
An interesting family of perovskites, particularly those composed of TMOs, are
nickelates in the form of RENiO3 (RE= rare earth). They have also been considered as
a promising platform for an active area of research and have attracted attention owing to
their variety of intriguing properties due to the charge transfer gap present in their band
structure between the unoccupied conduction band of the Ni 3d and the occupied O 2p
valence band [59, 60]. This gap is influenced by the RE radius and also the temperature,
hence when they both increase, the gap starts to decrease until it disappears resulting
in an insulator-metal transition (IMT) [61]. Bulk LaNiO3 is the only member of this
family which remains metallic at all temperatures as the size of the La ions is so large
that the Ni 3d and O 2p orbitals overlap. However, this is not the case in ultra-thin
films of LaNiO3 which undergoes a IMT [62], or in heterostructures composed of thin
LaNiO3 layers where bulk properties are not necessarily present [63]. As an example,
enhanced conductivity is observed in superlattices comprised of LaNiO3-SrTiO3 [64]. In
recent theoretical calculations, the presence of superconductivity has been predicted in
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Figure 1.6: Crystal structure at the interface between LaNiO3 and SrTiO3 (001) direction
of pseudo-cubic perovskite structure
superlattices containing one unit-cell thick layers of LaNiO3 [65]. The manifestation of
quantum confined magnetism in heterostructures of LaNiO3 when layered with magnetic
perovskites such as LaMnO3 has been experimentally reported [66, 67] resulting in more
efforts to find the origin of the induced magnetism in paramagnetic LaNiO3 [33]. Many
of these novel physical effects are associated with interfacial properties, thus the high
quality controlled growth of these heterostructures is desirable to be able to design the
electronic or magnetic properties by adjusting the layer thickness down to one monolayer.
For example in the case of growing LaNiO3 thin films on SrTiO3 (001) substrates, the
atomic stacking can be explained as in the following and is illustrated schematically in
figure 1.6. Depending on the valence of the cation, the planes within the perovskite
structure (AO or BO2) can be charged or neutral. In the case of SrTiO3 both planes of
TiO2 and SrO are neutral as titanium has valence of 4+ and strontium 2+. In contrast,
the atomic planes of LaNiO3 are charged as both lanthanum and nickel have a valence of
3+ leading to excess charge of +1 for LaO plane and -1 for NiO2 (figure 1.6). Therefore,
when polar LaNiO3 grows epitaxially along the (001) direction of neutral SrTiO3, a polar
discontinuity occurs at the interface which is not energetically stable. A similar scenario
is suggested in the case of LaAlO3 on TiO2-terminated SrTiO3 resulting in a 2DEG at
the interface [30], however no superconductivity has been reported to the date of this
work in heterostructures of LaNiO3-SrTiO3. Since the physical properties of perovskite
oxides are closely related to their crystal structure and can be changed drastically by
small distortions of the octahedral unit, the next section is devoted to a brief introduction
of perovskite structures and their symmetries.
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1.4 The perovskite structure-in brief
The most studied family of TMOs belongs to a family with structures known as
’perovskite’ oxides, named after a Russian scientist, Aleksevich von Perovski, and was
discovered by Gustav Rose (1839) from the mineral calcium titanium oxide (CaTiO3).
Their chemical formula is ABO3 that contains corner sharing octahedra BO6 where B
is a transition metal cation positioned at the centre of the octahedra, surrounded by 6
oxygen atoms at each corner (figure 1.7). The whole family of perovskite compounds
A
B
O
Figure 1.7: A schematic of ABO3 perovskite structure. This is the ideal cubic Pm3¯m
space group with the highest symmetry in the perovskite family.
can be synthesised with an extremely broad diversity of element combinations resulting
to exceptionally different physical properties: Perovskites structures have the ability
to accommodate both small and large cations in the B-site and A-site, respectively.
Depending on the composition of the cations and their ordering they exhibit insulating
or metallic behaviour. Further flexibility to host variety of cation sizes is provided by
the distortion of the ideal cubic structure leading to a notable diversity in the type of
magnetic ordering or structure. Finally they are known for their remarkable tolerance to
vacancy formation. In general the replacement of A-site and B-site cations must follow a
rule imposed by ionic radii of the compounds, put forward by Goldschmidt (1926) [68]
known as the ’tolerance factor’:
t =
rB + rO√
2 (rA + rO)
, (1.4)
where rA, rB and rO are the ionic radii of the large A-site cations, small B-site cations
and the anion (oxygen), respectively. The perovskite structure (ABO3) occurs mostly
at high temperature, whereas atoms are displaced by minuscule amounts at room
temperature causing a small distortion of the u.c., specifically oxygen octahedron [69].
Typical perovskite-type compounds commonly show tolerance factors of between 0.78
and 1.05 [70]. The high-symmetry ideal structure of perovskites belongs to the space
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group Pm3¯m with a basis including 5 atoms shown in figure 1.7 [70]. By changing the
ionic radii of the cations, the characteristic BO6 octahedral unit is deformed and rotated
by small amounts and therefore the symmetry of the u.c. is lowered from the ideal cubic
structure to tetragonal, orthorhombic, rhombohedral and monoclinic. When t < 1, the
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Figure 1.8: Insulator-metal-antiferromagnetic phase diagram for RENiO3 versus the
tolerance factor and also to the rare earth (RE) ionic radius [61].
A-site cation is smaller than the hole linking the oxygen octahedra, therefore, the A-site
cation is not able to bond with all twelve surrounding oxygen anions successfully. An
excellent example to show how the tolerance factor plays a significant role in perovskite
structure is the insulator-metal transition (IMT) in rare earth nickelate perovskites which
is related structurally with the progress of their tolerance factor. The drop in the tolerance
factor is accommodate by so-called ’buckling’ of the NiO6 which results in bending of
the Ni−O−Ni bond resulting in the reduction of overlapping orbitals and promoting the
insulating phase over the metallic one (figure 1.8 [60]).
1.4.1 Glazer notation
Glazer [71, 72] described and classified the changes in the symmetry of the u.c.
as a result of tilting of the oxygen octahedra by giving it a notation as follows. All tilts
were explained as combinations of component tilts about the three pseudocubic axes of
[100], [010] and [001] where the magnitude of the tilt about each axis was shown by
the letters a, b and c respectively. Wherever the octahedra were tilted equally about
two axes, this was represented by repeating the suitable letter; for example aaa shows
equal tilts about all three pseudocubic axes and abc shows unequal tilts about each
pseudocubic axis.
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a = √2 apc
b = √2 apc
c = apc
a = √2 apc
b = √2 apc
c = 2apc
a) b)a⁰a⁰c⁻ a⁰a⁰c⁺
a
b
c
Figure 1.9: Two BO6 octahedron tilting systems a) a
0a0c− and b) a0a0c+ are shown
schematically. In both systems the pseudocubic (pc) lattice becomes tetragonal after
the rotation about the c-axis, for the antiphase rotation the c-axis lattice parameter is
doubled.
The superscript after each letter denotes to the phase of the tilting i.e., in-phase
tilting is denoted with a +, antiphase tilting is denoted with a − and no tilting with 0.
Therefore, the notation a0a0c− represents a perovskite with antiphase tilting only about
the c pseudocubic (pc) axis whereas a0a0c+ exhibits an in phase tilting about the c axis,
as are shown in figure 1.9. Rotations of BO6 octahedra lead to tetragonal symmetry with
elongation of the in-plane lattice parameters a and b to
√
2apc with no change in the
out-of-plane (c-axis) for a0a0c+ rotation. However in a0a0c− system where octahedral
rotations along single out-of-plane axis is antiphase, the c-axis lattice parameter doubles
to 2 apc. Howard and Stokes [73] showed that in fact only 15 distinct space groups
were derived from the 23 tilting notations suggested by Glazer. 15 distinct tilt systems
are shown in figure 1.10. The Glazer notation for the bulk materials used in this thesis
is as follows. SrTiO3 substrate (Pm3¯m) shows no tilting of the octahedra shown by
a0a0a0. In LaNiO3 t is smaller than one (t=0.95), which favours the tilting and rotation
of the oxygen octahedron towards one of the A-site cations generating a rhombohedral
distortion. Thus, LaNiO3 has a R3¯c group symmetry with distinct Glazer tilt system
of a−a−a−. LaMnO3 undergoes Jahn-Teller distortions with space-group symmetry of
Pnma or Pbnm (a+b−b−) and has an orthorhombic structure.
1.5 Motivation, aims and objectives
As stated in the overview, with further advancement in the development of
nano-devices, the necessity for the fabrication of high quality materials becomes stringent.
In such advanced designs, often, one single material will not exhibit the desired properties
and combining multiple existing materials becomes essential. Deeper understanding
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Figure 1.10: Glazer tilt system is shown with the group and sub-groups and the relation
between them. The figure is reproduced from [74].
of the relationship between the physical properties of materials (such as magnetic,
electronic, surface chemical properties) and their nanostructure is required which can
only be achieved through atomic engineering of new materials.
There are a number of issues to be focused on concerning the optimisation of
growth processes for thin films and their superlattice structures as each individual layer
can have its own optimal conditions for growth, which can be different to that of the
other constituents of the superlattices. When stacking different layers, the optimal
growth for each of the layers relies on the interaction and the mismatch between each
layer. Conversely, a complete multilayer is of interest due to its functionality and specific
physical properties such as magnetic, electrical and structural properties. This highlights
the fact that growth needs to be optimised for each layer but the final optimisation is
defined from a material point of view and coupling of all the relevant properties.
This thesis is aimed at investigating further examples of perovskite superlattices
grown by ultra-high vacuum (UHV) PLD. This system was equipped with RHEED that
allowed both in-situ monitoring of the deposition in a layer-by-layer growth fashion
and surface structural analysis. Transition metal oxide materials (TMO), specifically
[RE(TM)O3], where RE was Lanthanum (La) and the TM was either Mn or Ni, were
chosen to be explored. The primary aim was to optimise the growth of an individual
constituent perovskite material (e.g. LaNiO3 and LaMnO3), and then combine them
in superlattice structures of varying periodicity i.e.: artificially layered structures with
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repeating units varying from 5 u.c., down to a single u.c. (as calibrated using (RHEED).
If individual layers in a heterostructure are as thin as one u.c., it is arbitrary, or perhaps
meaningless, to distinguish the distinction between a superlattice of different constituents
separated by interfaces and a completely new single-phase compound. Therefore these
heterostructures can appropriately be called ’artificially layered’ compounds. One sig-
nificant difference can be identified between naturally self-ordered materials and the
artificially layered superlattices; A self-ordered compound is at least at some point of
its fabrication process thermodynamically in full equilibrium, whereas artificially layered
compounds show a kinetically stabilised metastable state due to the high energy barrier
for diffusion provided by physical vapour deposition techniques such as PLD [32]. It
will be shown in this thesis that detailed ex-situ analysis of the microstructure of the
artificially layered compound is essential to truly understand the nature of the materials
properties required for devices. One of the fundamental aspects that has not been
considered in the theoretical calculations is the effect of ultra-short-period superlattices
on the BO6 octahedral rotations and distortions. The mechanisms involved in the length
scale of the octahedral distortion relaxation are not yet fully exploited. Two of the
most often occurring symmetries in perovskite oxides are orthorhombic (a−a−c+) and
rhombohedral (a−a−a−), and the schematic representation of them are shown in figure
1.11. The length scale and strength of the interfacial octahedral coupling between these
two symmetries can be exploited in the LaNiO3/LaMnO3 superlattices. Indeed by using
misfit strain in epitaxial growth of thin films, any of these tilting systems can be present
in the perovskite heterostructures and in fact it will differ from their bulk symmetry [75].
Motivated by these open questions, a surface technique such as RHEED was
combined with transmission electron microscopy to identify the characteristic octahedral
rotation. Identifying the position of oxygen atoms in perovskites has been one of the
main challenges in this field [75]. This study hopes to bring growth scientists’ attention
to consider RHEED not only as a technique to control the layer-by-layer growth but also
as a tool which can monitor in-situ the distortion in the perovskite oxides if the electron
beam is scattered from the appropriate high symmetry crystallographic direction.
In conclusion, artificially layered phases of the compounds (LaNiO3)m/(LaMnO3)m
were grown in thin film form that are not stable in bulk. Approaching this from a growth
and structural analysis point of view highlighted the importance of comparing growth
data with a detailed structural analysis. This allows for a full understanding of the
growth mechanisms and structural formation that can drastically affect the physical
properties. This is the first and most important step in designing novel nanoscale devices
incorporating perovskite oxides. The remainder of this chapter outlines the structure of
this thesis.
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a) b)Rhombohedral  a⁻a⁻a⁻ Orthorhombic  a⁻a⁻c⁺
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Figure 1.11: Two common tilting systems adopted for perovskite oxides a) a−a−a−
and b) a−a−c+, are shown schematically. Rotations about the [111] direction in cubic
lattice result in the rhombohedral structure (such as LaNiO3), whereas rotations about
the [110] direction lead to the orthorhombic symmetry one of the most seen rotation
patterns in perovskite (such as LaMnO3).
1.6 Outline of the thesis
In chapter 2, the physics behind PLD is explained and relative growth thermo-
dynamics are discussed. A detailed surface analysis and a guide on how to calibrate a
RHEED system is also presented. To achieve the main aim, growth of low-dimensional
oxide superlattices, the growth condition was separately optimised for each constituent
and then samples were characterised using various techniques explained in detail in
chapter 3 such as X-ray diffraction (XRD), atomic force microscopy (AFM), transmission
electron microscopy (TEM) and others. In chapter 4, LaMnO3 thin films were grown
on SrTiO3 (001) substrates that showed the ability to self dope by acquiring an oxygen
non-stoichiometry. By varying growth temperature at two different regimes of oxygen
pressure, the intrinsic ground states originated by changing the oxidisation environment
during the deposition are investigated and discussed. The structural, transport, and mag-
netic properties of these LaMnO3 thin films were characterised. A systematic correlation
between the c-axis lattice parameter and magnetic structure was observed due to the
change in the oxidation state of the Mn ion related to the crystal environment. Growth
of the LaNiO3 thin films were optimised in chapter 5 to achieve metallic LaNiO3 with
high crystallinity. LaNiO3 is known to be sensitive to the oxygen environment and more
likely to develops Ni2 + ionic state instead of the Ni3 + in LaNiO3. Since small amount
of this ionic state can affect the electronic properties, it is crucial to investigate the
microstructures of the films after the growth. Small amounts of the Ruddlesden-Popper
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compound La2NiO4 was detected both in scanning transmission microscopy (STEM)
images and grazing angle in-plane X-ray diffraction.
After the growth conditions were optimised for LaNiO3 thin films in chapter
5, it was important to explore the effect of dimensionality on the LaNiO3 films. For
this reason, in chapter 6 initially the role of surface termination on the growth and
heterointerfaces that were formed are explained. Ultra-thin films of LaNiO3 (e.g. 2.5
and 3 monolayers) were skilfully deposited using RHEED which was also used for the
surface structure determination. Surface electronic properties of the ultra-thin films
were characterised by X-ray photoelectron spectroscopy (XPS), giving an insight to the
insulating state of the ultra-thin films. This knowledge and experience was a prerequisite
to the deposition of artificially layered heterostructures. Chapter 7 presents a detailed
study of the growth of (((LaNiO3)n)/((LaMnO3)n))x superlattices, where n = 1, 2 and
5 and x was varied to reach 100 monolayers thickness. Detailed surface analysis revealed
a (
√
2×√2) R45◦ tetragonal arrangement due to the distortion of the MnO6 octahedra.
Finally in chapter 8, the conclusions and an overview of the results and discussions are
presented with some suggestions for the direction of future work in this field.
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Chapter 2
Pulsed laser deposition and
reflection high energy electron
diffraction
2.1 Introduction
In the past three decades pulsed laser deposition (PLD) has emerged as an
important and popular deposition technique to fabricate a wide range of novel materials
[76, 77, 78]. The preliminary experiments in PLD were carried out in the mid-sixties
following the invention of high power lasers, but it was not popularised until the late-
eighties, when it was revisited by the discovery of high-temperature superconducting
films. Today PLD is being recognised as a reproducible and fast technique for device-
quality oxide film growth. The technique gained such popularity due to the intrinsic
versatility, flexibility, and rapidness of the method enabling the growth of a wide range
of materials from metals, through binary compounds, to complex oxides. Since the
laser is located outside of the deposition chamber, the growth can take place across
a wide range of vacuum regimes from ambient pressure to ultra-high vacuum. The
wide range of deposition pressures along with stoichiometric transfer of the materials
from the target onto the substrate allow deposition of various families of materials such
as semiconductors, complex oxides, nitrides, and carbides. The pulsed nature of PLD
also permits deposition of heterostructures and multilayers of different compounds. In
PLD, the deposition process is far from thermal equilibrium such that the ablated highly
energetic particles in a low background pressure can form metastable phases. Physical
proprieties such as stress, texture, electronic and magnetic properties of the films can be
manipulated by changing the kinetic energy of the ablated species [79].
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Reflection high-energy electron diffraction (RHEED) can be used as an in-situ
surface structure monitoring technique especially after the invention of high-pressure
RHEED which made the growth monitoring of oxides at higher pressures possible [80].
While precise control of the growth rate is possible due to oscillation of the RHEED
specular spot intensity, as a result of the layer-by-layer growth, valuable information can
also be obtained from the RHEED patterns about the growth and the type of surface
structure. In this thesis PLD equipped with in-situ RHEED was used to deposit artificially
layered superlattices of perovskite materials. In this chapter the basics and principles
of PLD and RHEED are presented. Furthermore the factors that determine the growth
quality of the films are also discussed.
2.2 Pulsed Laser Deposition
PLD is a physical vapour deposition (PVD) technique that uses a laser to ablate
material from a target and subsequently grow a film on a substrate. The laser source
is usually an excimer or Nd-YAG (355 nm) with a highly energetic pulsed laser beam
pulse (frequencies between 0-100 Hz), which is focused onto a ceramic or single crystal
target to evaporate materials in the form of a plasma plume. By changing the laser gas
medium the wavelength can be varied; ranging from XeF at 351 nm, to ArF at 193 nm.
One very stringent requirement to obtain well-defined interfaces is the control of growth
on an atomic scale. The growth is defined initially by the adsorption of atoms (so-called
adatoms) onto a surface, which is highly dependent on the deposition conditions.
In PLD the experimental setup is relatively simple and is shown schematically
in figure 2.1. It consists of a laser, a vacuum chamber with required pumps, a target
holder with motors for scanning, a target material (typically a sintered pellet or single
crystal), a heater stage to which a substrate is mounted, and a gas inlet with a range of
pressure gauges working at various vacuum regimes.
A substrate is placed opposite the target and perpendicular to the direction of the
plume (figure 2.1) generated when the laser pulse(s) strike the target. Vaporisation and
ionisation take place due to the interaction of photonic energy of the excimer laser beam
with the target material, consequently converting photon energy to kinetic energy. The
PLD plume consists of ions, electrons and highly energetic particles. The substrate is
heated to promote the surface mobility and improve the crystallinity of the resulting thin
films. To keep the stoichiometry constant to that of the target, deposition takes place
in an oxygen atmosphere or with other gases presents as a background. The possibility
to maintain a high oxygen background pressure during deposition accompanying the
ability to grow stoichiometric films from a single source, is what makes PLD a favourable
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Figure 2.1: A schematic of a PLD experimental setup. The main components are: target
holder, heater stage with a mounted substrate, the laser beam and a focusing lens outside
of the PLD window. Heater stage has freedom to move about the marked axis.
ablation technique for complex oxides due to the stoichiometric transfer of particles.
2.2.1 Principles of PLD
A deposition chamber is back-filled typically with a reactive gas (e.g. O2) to
promote surface reactions and to conserve the stoichiometry of ablated materials. The
reactive gas for the growth of complex oxides is molecular oxygen in the pressure range
of from 10−4 to 0.5 mbar. In this way, ablated species are transferred from the target
onto the heated substrate placed opposite the target while maintaining the expected
stoichiometry. The substrate temperature was controlled using a radiative heater which
can typically go up to 1000 ◦C. By tuning the kinetic energy of the adatoms in the
plume and varying the substrate temperature, the growth kinetics can be optimised from
the wide thermodynamic conditions available [31]. Apart from the freedom for growth
manipulation and ease of setup, PLD has several other advantages compared with other
epitaxial thin film deposition techniques, specifically for complex oxides. Firstly, having
the energy source outside of the vacuum chamber makes PLD a versatile technique and
allows work on various materials systems without concerns over cross contamination.
It is possible to use one single laser as a source of multiple chambers by guiding
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the laser beam though several optical elements. It is necessary to use UV-laser compatible
optics for mirrors and focussing lenses. An attenuator is placed in the beam path to
accurately set the energy transmitted while the laser is running under its more stable
conditions. Another important part of PLD is the materials for the laser port window
in the vacuum chamber to allow transmittance of both visible light and also UV light.
(such as UV-grade quartz). The viewport windows of a PLD chamber equipped with
RHEED must not transmit X-rays and UV light (for the safety of the users). With in-situ
monitoring, such as RHEED added to PLD, the quality of PLD grown thin films has been
improved significantly. To better understand how to control these effects, the following
sub-sections explain the nature of ablation using an excimer laser.
2.2.2 Physics behind PLD
When an excimer laser beam irradiates the surface of a solid material, the high
energy photons will be absorbed effectively (3.5 to 7.9 eV corresponding to wavelengths
of 351 to 157 nm). For example, the laser used in this work was a KrF laser with a photon
energy of 5 eV (248 nm) [81]. As a result of the absorption of the excimer radiation
an electronic transition will be induced leading to conversion of electromagnetic energy
to an electronic excitation. If the excitation energy is of a similar value to the binding
energy of the electrons in the materials, then the excited material will be fragmented.
The remainder of the beam energy will be converted to kinetic energy in the shape of
vibration or rotation modes, and will give rise to rapid heating of the target. A plume
forms in front of the target, and is initially a dense vapour of ablated material originating
from the target, if the energy density is sufficiently high. With additional laser energy
irradiating the target, the pressure and also the temperature of this plume increases
resulting in explosive evaporation and forming a plasma of ionised material. This blast
wave, when combined with the low pressure background gas in the chamber, is very
directional and expands normal to the target surface carrying atoms, electrons, ions,
molecules, and micrometre size particulates. The last two species are not desirable
and should be avoided, especially any particulates. The ablation process takes place
within tens of nanoseconds (typical excimer laser pulse duration is about 10-30 ns), while
absorption of the laser light into the bulk material happens in picoseconds. In this initial
step, a fraction of the light is reflected (R) and the remainder is absorbed and then the
intensity of the pulse decreases exponentially [81] such that;
I(x) = (1−R)I0e(−αx) (2.1)
where x is the penetration depth, I0 is the laser intensity at the surface (where x = 0),
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Figure 2.2: Schematic illustration of the ablation process by laser irradiation of a
PLD target (green). (a) Pulsed laser (long arrows) is initially absorbed, melting and
vaporisation begin (shaded area is an indication of the melted material) and the melted
area propagates further into solid (short arrows show the motion of the solid-liquid
interface). (b) Vaporisation continues accompanied by laser-plume interaction forming
a dense vapour in front of the target. (c) Expansion of the plasma plume due to laser
interaction with the dense vapour. (d) Re-solidification occurs as the solid-liquid interface
recedes. The next laser pulse interacts with some or all of re-solidified region.
R is reflectance, and α is an absorption coefficient. Note that 1/α is the absorption
penetration length which is about 100 nm for a considerable number of oxide materials
using an UV excimer laser [31]. Figure 2.2 illustrates schematically the process of
laser-target interactions. Due to this absorption, the photonic energy will excite the
electrons in target material over a picosecond timescale (figure 2.2-(a)).
The second step is the motion of the solid-liquid interface into the bulk as the
heat transfers further into the target material accompanied by vaporisation. The induced
rapid heating by the laser, and consequently the volume of re-solidification is related to
the laser energy. The depth of this diffusion can be calculated from [31]
λthermal = 2(αthermal ∆t)
1/2 (2.2)
where ∆t is the duration of the laser pulse, λthermal is the thermal diffusion length and
thermal diffusivity, αthermal, is equivalent to
αthermal = K/ρc, (2.3)
where ρ is the density of mass, c is the specific heat capacity, and K is the thermal
diffusivity. The increasing pressure of the dense vapour formed in front of the target,
drives the ejection of material from the surface of the target (figure 2.2-(b)). The plasma
plume is created as a result of multi-photon ionisation of the gaseous phase, that is
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when the temperature on the target surface can go beyond the vaporisation temperature
of the material. Unless using very short-length laser pulses, the ejected material will be
irradiated by the remainder of the laser pulse and become ionised (figure 2.2-(c)). This
will result in further excitation of the species in the plume and their ionisation. The
excitation state of free electrons occurs causing emission from the plasma to be visible
[31, 82]. After the laser irradiation stops, the temperature of the target will decrease and
re-solidification will occur (figure 2.2-(d)). This can leave a frozen capillary wave at the
surface of the re-solidified target and the next laser pulse will react with this topography
(figure 2.2-(d)) [76].
To create a plume of material using a laser, it is essential to know its ablation
threshold. To identify this minimum required energy density, there are two important
parameters which are influenced by the transport of energy in a material: the photon
diffusion depth and the heat conduction. The former is dependent on the laser pulse
duration and the latter is an inherent property of the material. The strong dependency
of the absorption depth on the laser wavelength should be also noted. By varying the
laser spot size, the amount of target material affected by the laser varies. The ablation
threshold for a defined volume of material can be estimated by [31]
Qheat = CS (Tmelt − T ) + ∆ Hm + Cm(Tvap − Tmelt) + ∆Hvap (2.4)
where Qheat is the total energy needed defined by adding the required energy to in-
crease target temperature to its melting point where CS is the specific heat capacity
(CS (Tmelt − T )), added with ∆ Hm the heat of melting, summed up with required
energy for vaporisation of melted target material where Cm is the mass-specific heat
capacity (Cm(Tvap − Tmelt)) and finally plus ∆Hvap the heat of vaporisation. Shown
below are the typical characteristic of a single pulse from an excimer laser:
Length of laser pulse Laser energy density Energy density of a single pulse
20 ns 2 J/cm2 108 W/cm2
2.3 Thin film growth
Film growth can be influenced by several parameters such as the amount of
ablated materials by each laser pulse, mobility on the surface of the substrate, gas
pressure, intrinsic parameters such as the strain induced due to lattice mismatch between
the substrate and the film, and compatibility between interfaces. These factors also
alter the physical properties of the thin films or superlattices. This section describes the
factors that will determine the growth mode of thin films.
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2.3.1 Growth modes
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Figure 2.3: A schematic of the atomistic surface processes that can occur during layer
growth. Small clusters are metastable but they begin to be stable at a critical island size
r.
As the laser is fired at the target surface, the content of the plume which consists
of atoms, ions, electrons and highly energetic particles, will subsequently impinge upon
a heated substrate surface where they can interact freely. Following the arrival of an
adatom at the surface there are several processes that can occur at the growth front
which are illustrated in figure 2.3. These processes occur at a given rate defined as Rsurf,
which is given by [83]
Rsurf = R0exp(Ea)/kBT, (2.5)
where R0 is the attempt rate of the process and related to the frequency of the lattice
vibration of the adatoms. This attempt rate (R0) is exponentially dependent on the
activation energy of the process (Ea), the inverse of the Boltzmann constant (kB), and
absolute temperature (T ). One of the more probable situations that occurs is that the
adatom is absorbed and remains on the surface. The probability of this process is known
as the ’sticking coefficient’ and it depends on both the arrival rate of any species and
the nature of the surface. There are two categories of adsorption: physisorption which
is identified by weak forces such as van der Waals’ forces; and chemisorption which
occurs when an atom is chemically bonded to the surface resulting in the generation
of new chemical bonds at the adsorbent surface. If the substrate temperature is too
high, incident atoms can re-evaporate. For epitaxial growth, it is necessary to elevate
the substrate temperature to benefit from a higher diffusion rate across the surface and
allow the adatoms to reach a stable nucleation site. Another possible process is multiple
adatoms forming an island on the surface. Following nucleation, growth of the layer
then proceeds through the chemisorption of adatoms being captured at nucleation sites.
Chemisorption falls into two different categories depending on whether the growth of
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Figure 2.4: A schematic illustration of three basic growth modes possible as deposition
proceeds. (a) layer by layer (Frank-Van der Merwe), (b) 2D - 3D transition (Stranski-
Krastanov), (c) island / 3D growth (Volmer-Weber).
layer occurs on a substrate of the same material called ’homoepitaxy’ or of different
materials known as ’heteroepitaxy’.
Thin film growth is generally divided into three major modes: (a) Frank-Van der
Merwe (or layer-by-layer growth); (b) Stranski-Krastanov ; and (c) the Volmer-Weber
(or island growth mode). These three different growth modes are depicted schematically
in figure 2.4. Figure 2.4-(a) shows the situation for an epitaxial growth when layers
are formed upon the completion of the previous layer. This mode is also known as 2D
growth; however, this growth mode itself is divided in to many types. Here, the smallest
nuclei grow in a 2D layer, forming small islands. In this mode, the bonds between layers
are stronger than that of the layer to the substrate. Once a full layer is formed, the
nucleation starts for the subsequent layer with slightly weaker bonding energy to the
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previous layer and this bonding strength becomes progressively weaker until the layers
are bonded together with their bulk-type bond strength. The Stranski-Krastanov mode,
which is shown in figure 2.4-(b), is one step away from the layer-by-layer growth as the
3D island formation starts just after the completion of a few 2D monolayers. This is
attributed to the unfavourable surface energy formation of 2D plane of materials after
growth of the initial monolayers. Figure 2.4-(c) represents a 3D island (Volmer-Weber)
growth mode when the growth propagates in all directions instead of 2D, so 3D islands
form immediately on the surface.
The growth mode of a thin film can be drastically changed by manipulation of
the deposition parameters. However, variations in the growth modes can be explained
by a thermodynamic model of the surface energy and nucleation processes. If this
process is considered semi-quantitatively, the three growth modes mentioned above can
be explained by the trade off between energy terms. Strained epitaxially grown layer
can be illustrated by a hemispherical island on top of the substrate (figure 2.5). If this
hemispherical island nucleates on top the previous layer, the net free energy is given by
[84, 85]
∆G =
2pir3
3
∆Gv + pir
2γ + ∆Gs, (2.6)
where the net free energy (∆G) is shown by the three different energy terms and γ is the
interfacial energy. The first energy term,
2pir3
3
∆Gv, shows the free volume energy for
a relaxed island in regards to a strained epitaxial layer or a flat surface. In this section
subscripts s, v and f denote the substrate, vapour and film respectively. The second
energy term pir2γ is the interfacial energy between the relaxed island and the strained
layer. The third energy term ∆Gs comes from the strain energy difference between the
film layer from before and after nucleation of the island, such that [84]
∆Gs =
1
2
(
2 − f2)Y hA, (2.7)
where  is the mean misfit strain as a result of the island nucleation and f is the misfit
defined as
f =
a0(s)− a0(f)
a0(f)
, (2.8)
where a0(s) is the lattice parameter of the substrate and a0(f) that of film. In equation
2.7, Y is the layer’s Young modulus, h is defined as the epitaxial layer thickness, and A
is the interface area with the island (pir2) which is under strain. The critical radius of an
island which is formed of a stable and non-dissociable nucleus (when dδG/dr = 0) is
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Figure 2.5: A schematic diagram of nucleation on the surface. The nucleation of a
droplet from a vapour can be described as γsv = γfs + γfv cos(θ) where (θ) is the
wetting angle and γ is the interfacial energy.
given by [84]
r∗ = −
[
γ +
1
2
(
2 − f2)Y h]
∆Gv
. (2.9)
Hence the critical thickness for the onset of Stranski-Krastanov growth (when r∗ = 0) is
calculated to be
h∗ = − 2γ(
2 − f2)Y . (2.10)
Two possible scenarios exist in epitaxial growth as a result of compressive strain and these
are shown schematically in figure 2.6. Below the critical thickness, the deposited layer
can accommodate the induced strain by increasing its c-axis lattice parameter (only if c
is out-of-plane). In the second situation film, the strain is relaxed by introducing a misfit
dislocation. The atomistic nucleation model can help to understand the process of growth
from vapour phase using Young’s equation and capillary theory [86]. The nucleation of a
droplet from a vapour can be described as shown in figure 2.5 [31]. Taking into account
the conservation of mechanical equilibrium for components of tensions which are parallel
to the interface between the two phases, Young’s equation can be written as
γsv = γfs + γfv cos(θ) (2.11)
where (θ) is the wetting angle, and γ is the interfacial energy. According to Young’s
equation the three mentioned growth mode can be explained. In the situation of 3D
island growth mode, θ > 0 so γsv < (γfs + γfv). This can result in an island growth
mode if the surface tension of the film material is greater than that of the substrate
29
Figure 2.6: A schematic of heteroepitaxial growth of thin films. a) A matched epitaxial
growth when the substrate and lattice have the same in-plane lattice parameter. b)
The film and the substrate do not have the same lattice parameter but because of the
epitaxial growth, the film layer is strained to the substrate and is matched in-plane but
elongated out-of-plane. c) The lattice mismatch is too large therefore the system is
relaxed by introducing misfit dislocations.
material, when γfs is negligible. It should be noted that here misfit strain (equation 2.7)
in the system has not been taken into account and can broaden the regime of the island
growth mode. This is observed mostly in metal on ceramics deposition systems [31].
When the film material wets the substrate (θ ∼ 0) equation 2.11 becomes
γsv > (γfs + γfv). (2.12)
In addition to the impact of misfit strain and interface chemistry [87], the values
of surface energies for complex oxides vary significantly in the literature making the
prediction of the growth mode difficult. However, high quality layer-by-layer growth
mostly requires a minimum difference between the surface energies of the film and the
substrate (noting wetting occurs only if γsv > γfs + γfv) and the lattice parameters are
matched as closely as possible, since the layer can only accommodate small amounts
of misfit strain. The Stranski-Krastanov growth mode is somewhere between the other
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two growth modes; initially equation 2.12 is satisfied but as a result of misfit strain
energy above the critical thickness, a transition from the layer-by-layer growth to island
growth happens. This thickness can be calculated using equation 2.10. It should be
noted here that in equation 2.12 it is assumed that the growth (substrate) temperature
and, consequently the mobility, is high enough for the growth to occur.
2.3.2 Effects of deposition conditions on the growth
In section 2.3.1, the intrinsic properties that affect the growth mode were discussed
such as lattice mismatch and surface energies. However, as already stated, the growth
processes in PLD is far from thermal equilibrium, and therefore is determined not only
by thermodynamics, but is dominated by kinetics. The growth kinetics is determined
by the deposition conditions which are of great importance and need to be carefully
selected to achieve heteroepitaxial layer-by-layer growth. Important growth parameters
for the deposition process are given in table 2.1. Many of these parameters have been
investigated for the deposition of LaMnO3 and LaNiO3 thin films, although some of
these parameters were expected to be similar regardless of the material used, such as
laser spot size and shape.
Table 2.1: Typical values for the deposition parameters used in this thesis.
Deposition parameters: Typical values
Compounds LaMnO3 LaNiO3
Target type sintered pellet sintered pellet
Background gas O2 O2
Background gas pressure (mbar) 10−4-10−2 10−2
Substrate temperature (◦C) 600-750 600-750
Spot size (mm2) 2.16 2.16
Shape of spot rectangular rectangular
laser fluence (J/cm2) 1.5-2 1.5-2
These parameters are interlinked with the special features of PLD such as the
relatively high kinetic energy of deposited particles, the comparably high deposition rates,
and high supersaturation during the deposition pulse.
31
Tunable kinetic energy of deposited species
The ablated species in the plasma plume of PLD are either charged or neutral.
The highest kinetic energy found belongs to the charged particles (up to 250 eV). These
energies are high enough to create defects in the growing thin film. A background gas
can be used to moderate the plume energies through inelastic collisions to less than 1
eV. Considering the strong detrimental impact of deviations away from stoichiometry in
complex oxide thin films, precise control and understanding of how deposition parameters
such as oxygen background pressure, laser fluence and substrate temperature affect the
plume dynamics is one of the key challenges in oxide growth [88]. The ion flux in the
laser-induced plasma revealed exponential losses as a function of propagation distance
and background gas pressure using fast-time plasma diagnostics by ion probes [89].
Compared to a vacuum, the plume propagation is progressively slowed down by increasing
the oxygen pressure. At low pressures, from ∼10−6 to ∼10−3 mbar, the plume front
expands freely in an elliptical gas cloud, similar to an adiabatic vacuum plume expansion,
with the front velocity of ∼ 1 × 106 cm/s [90]. One possible explanation for this
mechanism is based on the pressure gradients of the plume acting as a piston, moving
from the dense vapour into the low pressure background gas or vacuum to reduce the
kinetic energy of the plume species [91]. By increasing the pressure to ∼ 0.1 mbar, the
plume initially expands at early times (less than 1 µs), but then gradually slows down
as a result of collisions with the cold gas molecules until a visible shock-wave structure
forms which propagates according to the shock or drag model [89, 90].
Prior to deposition, due to these changes in expansion dynamics, the scattering
effect on the ablated species by the gas molecules causes composition fluctuations. This
can have stronger influence on lighter species [92]. To conserve the composition of
complex oxides during PLD growth, a critical fluence has to be exceeded. It should be
noted that the fluence threshold to ignite the ablation differs from the stoichiometric
threshold. For example, the stoichiometric threshold for deposition of YBCO is reported
to be 1 J/cm2 [93] while the ablation threshold is 0.27 J/cm2 [94] for the same set-up.
The laser fluence defines the primary energy of the ablated species and the amount of
material to be ablated through the temperature of the plasma, and hence the gradient
in velocity during plume expansion [95]. In earlier studies, establishing a meaningful
correlation between PLD parameters and plume dynamics were carried out, however,
the effect of substrate temperature on the plume dynamics was rarely considered. A
particularly interesting impact of increasing the deposition temperature is the decrease
in the background gas density encountered by the ablated species moving towards
the substrate. For example, in the case of La0.7Sr0.3MnO3, the species arrived at
T ≈ 300 ◦C had kinetic energy of ≈ 0.03 - 0.05 eV while at T ≈ 800-900 ◦C this raised
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to ≈ 0.2 - 0.3 eV [96].
High deposition rates
The deposition parameters can be used to manipulate the total amount of material
deposited per pulse of the laser, alter the surface mobility, and adjust the duration in
which the adatoms can be relocated to reach nucleation sites in-between the pulse
intervals [97, 98, 99]. There is a balance between these processes, which affects the
growth mode. The amount of material in each pulse can be controlled by varying the
background gas pressure, laser fluence, and laser spot size on the target. Controlling the
size and shape of the plume using the above parameters, leads to control of the amount
of material which reaches the substrate, which depends on the substrate position in
respect to the target. There is a difference between deposition rate within each laser
pulse and average deposition rate. The average deposition rates used in this thesis were
between 0.1 to 0.01 u.c. per laser pulse. For example, for a laser frequency of 5 Hz and
for lanthanum-based perovskite materials with in-plane lattice parameter of ∼ 4 A˚, the
actual deposition rate is between 2 to 0.2 A˚/s. Considering that deposition occurs only
when the laser is ’on’ (in the order of 1 ms [100]), the deposition rate is about 10 A˚/s
which is an order of magnitude higher than what is reported for perovskite oxide growth
by rf sputtering (100 nm per hour).
Supersaturation and growth
The mass transport at the surface is dominated by the substrate temperature,
although oxygen partial pressure and laser energy also affect the growth by changing the
kinetic energies of the ablated species. Epitaxial growth is more likely to be obtained at
elevated temperatures because higher surface mobility favours 2D layer-by-layer growth
through decreasing the probability of second layer nucleation. However, it also increases
the chances of interface blurring and desorption. The ablation plume is affected by laser
parameters such as: energy fluence (defined as delivered energy per unit area) which
affects the stoichiometric transfer; laser spot size and shape on the target - which affect
the amount of material deposition and the homogeneity; and the laser pulse frequency
that controls the deposition rate and supersaturation. While higher deposition rates
favour 3D growth, higher supersaturation favours 2D growth. Both background pressure
and laser parameters should be adjusted in a way that no highly energetic bombardment
of the surface occurs during deposition to avoid defect formation and residual stress in
the films. In the case for most of the complex oxides, but more extensively in studies of
high TC superconductors, the stoichiometric transfer usually occurs when the edge of
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the visible plume is touching the substrate.
By reducing the amount of material, which reaches the substrate, 3D island
growth can be prevented, which increases the probability of layer-by-layer growth, as
there is enough time for the arrived materials to reach a stable nucleation site. Substrate
temperature influences the mobilities of the species directly, so the movement of adatoms
is promoted; this results in the decrease in the possibility of 3D island formation.
Although it should be noted there is trade-off between the deposition rate and the growth
temperature as re-evaporation may occur [101]. Laser frequency plays an important
role for determination of the growth mode as it controls the interval between each
pulse and hence the time that adatoms have to find low energy sites at the 2D island
edges. One of the main differences between PLD and the other growth techniques is the
ability to promote high supersaturation using high laser frequencies (beyond 10 Hz [102]).
Small islands are formed in this case, making the formation of second layer islands less
probable. There should be a balance between the amount of material deposited and the
laser frequency to ensure there is enough time for settlement of a layer before the next
pulse brings more material. Growth modes can be monitored using an in-situ electron
diffraction such RHEED. The next section explains the theory of RHEED and how it can
be applied to monitor the growth in real time.
2.3.3 Effect of target on the deposition
One of the main advantages of PLD is known to be the stoichiometric transfer
of the target composition to the growing film due to the extremely high heating rate
of the target surface as a result of the pulsed laser irradiation. This will benefit from
congruent evaporation of the target material regardless of the evaporating point of
the constituent compounds of the target materials. However, this aspect of the PLD
has been overlooked and non-stoichiometric films have been repeatedly reported for
perovskite materials grown by PLD from a stoichiometric target [76]. Stoichiometry
control is one of the main fundamental problems in perovskite oxide film growth and
it has recently been highlighted in the studies on the growth of epitaxial SrTiO3 [103].
Only under a small PLD growth conditions (target, laser and oxygen pressure) window
can a stoichiometric SrTiO3 thin film (cation stoichiometric) be synthesised from a
stoichiometric target. Regardless of the non-stoichiometric transfer of the cations during
ablation, strong RHEED intensity oscillations and layer-by-layer (2D) growth mode have
been observed [104, 105]. Although the fundamental perovskite structure of SrTiO3
stays intact for the stoichiometric variations up to 20 percent, even 1 percent deviation
can cause remarkable changes in the transport properties of SrTiO3 [104, 105, 106].
Further complexities arise when ablating perovskite oxide films with a rhombohedral or
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orthorhombic crystal structure, as off-stoichiometric cation transfer gives rise to local
strain fields that change the angle of the characteristic B-O-B bond and hence introduce
distortions in the oxygen octahedral that determine the occupancy of the d-orbital and
the magnetic ordering in numerous perovskite oxide heterostructures [107, 108]. Due to
the complexities mentioned above, starting with a stoichiometric target is the priority in
the successful growth of perovskite TMOs.
Apart from typical growth parameters, there are other factors affecting the stoi-
chiometric transfer related to the characteristics of the target such as target morphology,
phase structure, and density. This section emphasizes the role of such parameters on
the growth of the high-quality complex oxide thin films. To understand the physics of
material transfer in PLD, the first step is to recognise the complicated nature of the
chemical reactions that occur when material is ablated by laser irradiation, the chemical
reactions between the plume and the reactive background gas, and the final reactions
between the arrived materials and the surface of the substrate at elevated temperature.
To identify the role of the target characteristics on these complex gas phenomena, it
is important to determine the properties of the target such as composition, density,
crystalline phase, etc. since they all directly affect the composition of the growing film.
Targets are usually sintered pellets fabricated from the mixture of component
metal oxides. The sintering can be done for the purpose of solid-state reactions or just
for mechanical improvement of the ceramic pellet. Targets made for the first reason are
called ’fully reacted’ and the sintering temperature is well above 600 ◦C. The sintering
temperature is critical and should be chosen with great care due to the possibility of the
formation of unfavourable structural phases, or alteration in the stoichiometry by losing
volatile components. The second type of targets is named a ’pressed oxide’ meaning
that the component metal powder oxides are still present. A pressed oxide target is
more favourable in some materials as the lower sintering temperature (below 600 ◦C)
used, means it is less likely that unfavourable crystallographic phases form [76]. The
surface of the target is irradiated prior each deposition for 2 purposes, one removing any
contamination and second to make the surface of the target stoichiometric. As a result
of pre-ablation processes, a steady state composition at the surface is formed which can
differ from that of the bulk target. For example, in the LaNiO3 perovskite compounds,
an unfavourable phase exists that belongs to the Ruddlesden-Popper family. In chapter
5, it is shown that a commercially pressed perovskite LaNiO3 target possessed less than
a few percent of the perovskite phase and over 95 % of the Ruddlesden-Popper phase.
Consequently, the Ruddlesden-Popper phase was also detected in the film grown by PLD.
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2.4 Reflection high-energy electron diffraction
RHEED is an electron diffraction technique used for the determination of surface
properties. In RHEED, electrons with energies in the range of 15 to 45 keV impinge
upon the surface of a solid at grazing angles of between 1 to 5◦. The diffracted beams
are then projected onto a phosphor screen, which is equipped with a CCD camera for
data collection. The system layout of the PLD chamber, including the differentially
pumped RHEED setup, is shown schematically in figure 2.7. The geometry of the
setup prevents any interference with the plume of the laser beam, enabling in-situ
monitoring of the deposition process. An initial problem with RHEED in PLD systems
was the difference between background pressure in which RHEED could be used and
the high oxygen pressure used in oxide film growth. At first poorly oxygenated films
were compensated by combining oxygen pulse sources with laser pulses in the chamber
[109]. This required extra equipment and electronics and in general was a complicated
synchronisation process. The unique idea of differential pumping was a turning point in
the development of PLD [29]. Using differential pumping ensured that the electron gun
stayed in a lower background pressure. Electrons travel mostly in a partially sealed tube
at lower pressure than the growth chamber and consequently deposition at a desirable
oxygen background became achievable. This also improved the lifetime of the filament.
Using differential pumping, a maximum pressure of around 0.1 mbar in the deposition
chamber was achievable for in-situ RHEED investigations. As is highlighted in figure
2.7 via two stages of deflection (both x and y axes), the electron beam position can
be adjusted ±7 degrees through the aperture. A typical RHEED system consists of a
filament, deflection coils, aperture, fluorescent screen, a shutter, view point and two
separate pumping systems. By adding this powerful, surface sensitive technique, various
physical surface properties of thin films and heterostructures can be analysed such as
periodicity and surface morphology, in-plane lattice parameters and surface reconstruction
orientation. Growth modes such as layer-by-layer or 3D island can also be extracted from
recorded diffraction patterns and beam intensity oscillations [110], these are discussed in
greater detail in the following sections. For the beam to be diffracted, electrons need to
be scattered elastically and coherently. The energy (Equation 2.13) of the final diffracted
electrons during elastic scattering (Ef ) must be conserved and is equal to that of the
incident electron beam (Ei), such that
|Ef | = |Ei|. (2.13)
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Figure 2.7: A schematic top view of PLD chamber equipped with in-situ RHEED setup
including an electron gun with differential pumping setup. Main components are: target
stage, heater stage, RHEED screen, RHEED gun, UV laser beam, load lock chamber,
transfer arm, and TSP. The differential pumping includes: adjustment screws, deflection
stage, two pumping stages, and electron gun.
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The energy of an electron Ee is related to |k2| and is given by
Ee =
~2k2
2me
(2.14)
where k = 2pi/λ is the wave vector of the beam with a wavelength of λ and me is the
electron mass [111]. It is possible to estimate λ disregarding relativistic mass corrections
(for E of less than 50 keV the relativistic effect can be neglected) [110], and so
λ =
√
150.4
E
(2.15)
when λ is in A˚ and E is in eV. In the system used in this thesis, the beam energy was
30 keV resulting in an electron wavelength of ∼0.07 A˚. A monolayer is typically an order of
magnitude larger in size than this wavelength (for cubic perovskites it is about two orders
of magnitude). By using a grazing angle of incidence and exit, the overall scattering
angle can be kept small while obtaining a large enough elastic scattering cross-section.
However, it is the relatively short inelastic mean free path of the scattered electrons that
ensures that scattering only occurs from the first few atomic layers of the surface. This
makes RHEED more sensitive to surface roughness on an atomic scale than other surface
electron diffraction techniques e.g. low energy electron diffraction (LEED) [112]. In
X-ray diffraction (discussed in section 3.3.1), it is assumed that scattering is kinematic,
however, this is not the case in RHEED as the electrons do not interact weakly with the
crystal. The kinematic approach was used only to assist in understanding the physical
phenomena in RHEED and qualitative analysis to some extent [80].
To obey conservation of energy, as was shown in Equation 2.13,
∣∣kf 2∣∣ = ∣∣ki2∣∣ (2.16)
which implies that the incident and final wave vectors have to be of the same magnitude
such that
|kf | = |ki| (2.17)
where kf and ki are the final and incident wave vectors of an electron, respectively. The
diffraction pattern can be observed when the value of kf and ki vary only by a discrete
amount equal to a reciprocal lattice vector, Gijk, of the crystal [111] and so
kf = ki + Gijk. (2.18)
Equations 2.17 and 2.18 result in the Laue diffraction condition
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2ki.Gijk + |Gijk|2 = 0 (2.19)
These conditions can graphically be illustrated using the surface of a sphere of constant
wave vector (a side view projection of this sphere in 2D is shown in figure 2.8 and a side,
top and 3D view are shown in figure 2.9) known as Ewald sphere. A 2D projection of
the intersection of a 3D reciprocal lattice with this sphere is a circle with a radius equal
to wave vector ki that ends on the origin of the reciprocal lattice (figure 2.8-(a)) with a
radius equal to |ki|. Diffraction features appear when equations 2.17-2.19 are satisfied,
this is equivalent to the intersection of reciprocal lattice points with the Ewald sphere.
Ki Ki
Ewald sphere
(000)
(120)
G(120)
K20
K10
K00
Reciprocal lattice rods
(00)(10) (20)(10) (30)
Reciprocal lattice points
(a) Side view (b) Side view
Figure 2.8: Side view projection of Ewald sphere construction shown for (a) a bulk
(3D) periodic structure, the radius of the Ewald sphere is shown as |ki|. The ki vector
terminates on the (000) point of the lattice. (b) Surface (2D) representation of the
Ewald sphere reconstruction.
In equation 2.18 the reciprocal lattice Gijk is defined as
Gijk = ia
∗
1 + ja
∗
2 + ka
∗
3 (2.20)
where a∗1, a∗2 and a∗3 are reciprocal lattice vectors with i, j and k being integers. These
are described as
39
a∗1 = 2pi
a2 ∧ a3
a1 · a2 ∧ a3 (2.21)
a∗2 = 2pi
a3 ∧ a1
a2 · a3 ∧ a1 (2.22)
a∗3 = 2pi
a1 ∧ a2
a3 · a1 ∧ a2 . (2.23)
For the 3D case, the Laue diffraction condition is obeyed when the Ewald sphere
intersects with reciprocal lattice points. A similar effect is observed in RHEED for
surfaces that are rough with micro-structures. If the islands are thin enough for the
beam to be diffracted without being attenuated (dependent on the inelastic mean free
path), then a grid-like diffraction pattern is observed. This condition is illustrated in
figure 2.8-(a) and will be discussed more in detail in section 2.4.3-(figure 2.16-(b)). For
surface diffraction from a smooth surface, as is shown in figure 2.8-(b), the reciprocal
lattice vector Gijk is converted to Gij due to the loss of periodicity perpendicular to the
surface (i.e. along the k direction), so to relax the momentum conservation it becomes
Gij . The diffraction condition is met for a 2D lattice given by Laue condition with
k
‖
f = k
‖
i + Gij , (2.24)
where the superscript ‖ shows that the direction of scattered wavevectors components
are parallel to the surface plane.
Due to the relaxation of momentum conservation normal to the surface plane,
the 2D reciprocal lattice of the surface is instead shown by infinitely long thin rods of
reciprocal lattice points. To view a surface in reciprocal space in a phenomenological
way, it can be imagined as if the plane of the crystal has been expanded infinitely in
the direction along one of its axes. This will result in reduced lattice point spacing in
reciprocal space, so lattice points become closer until they transform into rods. Figure
2.9 shows three different views of a 2D lattice in reciprocal space. Equations 2.17-2.19
are satisfied when a reciprocal lattice rod intersect the Ewald sphere. The diffraction
spots lie on concentric rings termed ’Laue zones’ in scattering from a 2D surface. As a
result of variation in surface crystallinity, for instance surface disorder, angular divergence
of the electron beam (∆θf ), surface lattice vibrations, fluctuation in the beam energy
and to some extent the crystal temperature, reciprocal lattice rods have a finite thickness
of ’W’ (figure 2.9) resulting in observation of ’streaks’ in RHEED patterns. A ’spotty’
diffraction pattern can be achieved from a perfectly smooth crystal surface, in an ideal
condition with monochromated incident electron beam and at low temperature [112].
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Figure 2.9: Side view (a), top view (b) and 3D illustration of a periodic surface with
cubic lattice in reciprocal space showing the intersection of lattice rods with the Ewald
sphere. In the 3D illustration the inset shows a zoomed-in intersection of a lattice rod
with the Ewald sphere. Angular divergence of the electron beam (∆θf ), in conjunction
with other factors such as surface lattice vibrations, variation in the beam energy and
to some extent the crystal temperature gives a finite thickness of ’W’ to the reciprocal
lattice rods resulting in observation of ’streaks’ in RHEED patterns instead of spots.
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2.4.1 RHEED: determination of surface periodicity
Before discussing the use of RHEED in defining surface properties, it is worth
briefly discussing the concept of surface reconstructions.
2.4.1.1 Surface reconstructions
In the early 20th century, with the first X-ray diffraction experiments, the study
of bulk crystal structures was established. Hence, from a simple unit cell, bulk properties
could be predicted, with defects (such as dislocations and vacancies) being averaged out.
However, the surface of a crystal is a significant defect and the change in periodicity
may cause a relaxation of the surface at the bulk termination. This change happens
when the free energy of the surface is too large to preserve the bulk structure. It is
frequently seen in metal crystals that the atoms relax perpendicular to the surface to
minimise this free energy [113]. The substrate material used throughout this thesis,
SrTiO3 (001), has a number of different surface reconstructions and terminations. There
are applications of these reconstructions from the photo catalysis industry [114] to
engineering of nano-structured thin films [115]. SrTiO3 is the archetypal perovskite, and
considering its popularity among thin film scientists as a substrate, a better understanding
of the surface structure is important. Using a diverse range of surface analysis techniques
such as scanning tunnelling microscopy (STM) and surface diffraction tools such as
LEED and RHEED, a number of different possible reconstructions were reported for
SrTiO3(100) such as (1×1), (2×1), (2×2), c(4×2), c(4×4), and c(6×2) [116].
Wood Notation
Wood notation is a convenient method of describing these changes in the
periodicity of the surface. The notation specifies a rotation angle and a ratio between
the reconstructed surface and the bulk structure as
X {hkl} − (p × q) R (θ)◦ − A. (2.25)
This represents an adsorbate A on the {hkl} surface plane of substrate element (can be
alloys or compounds as well) X. The unit mesh rotation is given by θ and the primitive
translation vectors are |a′| = p |a|, |b′| = q |b| [112].
2.4.1.2 Interpretation of RHEED patterns
The crystallinity of the top few atomic layers of the crystal can be studied by
RHEED due to elastically scattered electrons (as was discussed in detail in the previous
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1st Laue zone
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Fractional order
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Kikuchi lines
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Kikuchi lines
Figure 2.10: (a) RHEED image captured of (LaNiO3)2/(LaMnO3)2 superlattice thin
film when the final layer was LaMnO3 on the (100) surface of a SrTiO3 single crystal
substrate, with the electron beam oriented along the <110> direction showing a surface
reconstruction (
√
2 × √2)R45◦. (b) A schematic illustration of the RHEED pattern
showing features such as different Laue zones, as well as fractional and integer order
streaks.
section), however, the electrons can also be inelastically scattered from a crystal. The
contribution of inelastic scattering in RHEED is considerably less than electron diffraction
in transmission electron microscopy (TEM) owing to the grazing geometry. Some
electrons in RHEED will be travelling inside the crystal with an angle, that may satisfy
the Bragg diffraction conditions for other planes, so this leads to secondary elastically
scattering and the appearance of Kikuchi lines [117]. In TEM, also in RHEED in a
certain degree, Kikuchi lines can be used to find the orientation of the crystal as they
arise from the bulk periodicity [118].
Figure 2.10 shows a colour-inverted RHEED pattern of a (LaNiO3)2/(LaMnO3)2
when the final two monolayers were LaMnO3 on TiO2-terminated SrTiO3 (001) single
crystal substrate, with the electron beam was oriented along the <110> direction. The
terminated layer was found to be MnO2 and appeared as (
√
2×√2) R45◦ reflections.
Figure 2.10-(b), is a schematic highlighting some typical features of RHEED patterns
such as the zeroth and first Laue zones, in addition to the fractional and integer order
streaks lying on these concentric rings. Kikuchi lines are indicated by dotted arrows in
both images.
The diffraction pattern observed in RHEED is due to the surface reciprocal rods
crossing the Ewald sphere, this is when the integer streaks are raised from the bulk-like
structure, however the fractional streaks originate from the intersection of fractional rods
with larger periodicity with the Ewald sphere. So the periodicity of a bulk-like surface
termination is shown as (1 × 1) in Wood notation [112], and fractional streaks are
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present if the periodicity of the surface in real space is larger than the bulk periodicity.
The integer streaks are typically brighter in intensity and can be used as a reference since
they contain bulk information. For instance, fractional streaks placed halfway between
integers in reciprocal space are an indication of two times larger surface periodicity.
2.4.1.3 Lattice parameter calculations from RHEED pattern
In the field of complex oxide thin films, RHEED patterns have been mostly
discussed qualitatively by simply observing the pattern and its change over time during
deposition. Although this is of help for extracting information about the growth quality
on an atomic scale, RHEED patterns also contain detailed information about the surface
crystallinity and it is possible to extract quantitative information about the surface
crystallographic arrangement [119]. Typical geometry of the RHEED setup for surface
diffraction is illustrated in figure 2.11. The electron beam with an incident angle of
θi and azimuthal angle of φi is scattered with a diffraction angle of θf and azimuthal
angle of φf . Diffracted spots/streaks are projected onto a phosphor screen located at a
distance RS away from the substrate resulting in a streak separation of S. This spacing
can be used to determine the in-plane lattice parameters of the crystal. The projection
of the diffracted beam can be calculated from the polar co-ordination rectilinear (ksi
when i = x, y, z) of the wave vector k [80]:
ksx = |k| (cos θf cosφf − cos θi cosφi) (2.26)
ksy = |k| (cos θf sinφf − cos θi sinφi) (2.27)
(for small angles: ksy ≈ |k| (sinφf − sinφi)) and so using the small angle approximation
we find that
ksz = |k| (sin θf + sin θi) ≈ |k| (θf − θi) . (2.28)
It can be seen from figure 2.11-(a) that ksx and ksy are lying on the surface plane and
ksz is in the direction normal to the surface. Equations 2.26-2.28 can be simplified for
the incident beam in the x direction of the surface plane, such that the azimuthal angle
φf is equal to zero. Based on Bragg’s law, the lattice parameter parallel to the incident
beam direction dx can be determined as following
n
dx
=
1
λ
(cos θf − cos θi) . (2.29)
This is valid when the intersection of the Ewald sphere and the lattice rods are on (h0)
and the azimuthal angle of diffracted beam is equal to zero. As for the other in-plane
lattice parameter normal to the direction of incident beam from equation 2.27, dy is
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Figure 2.11: Schematic of the typical RHEED geometry. The electron beam path is
shown as it impinges on the surface with grazing incident and azimuthal angles of θi and
φi, and it will be diffracted through θf and φf angles. The diffraction streaks or spots
will be projected onto a phosphor screen placed at a distance of RS to the substrate,
where they are evenly spaced at the distance of S from each other. Figure adapted from
[120].
given by,
n
dy
=
1
λ
(cos θf sinφf ) (2.30)
For values of n being a reflection order, the relevant angles can be determined from
the phosphor-screen to substrate distance of RS , assuming the small angle approximations.
The top view of the RHEED setup is shown schematically in figure 2.11-(b). The reciprocal
lattice spacing a′y in the y direction is related, to φf the angle between two adjacent
reciprocal lattice rods, and assuming the small angles approximation, as
tanφf = φf =
a′y
kf
. (2.31)
From figure 2.11-(b), the relation between the phosphor-screen to substrate distance RS
and the reciprocal lattice spacing can be determined by
a′y
kf
=
S
RS
. (2.32)
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The inverse of the reciprocal spacing is related to the real lattice parameter by
ay =
2pi
a′y
(2.33)
and so from equations 2.32 and 2.33
ay =
2pi RS
S kf
(2.34)
1   Laue Zonest
K incident
0   Laue Zoneth
(Specular spot)
Transmitted beam
spot
Ewald Sphere
RHE
ED 
Scre
enReciprocal lattice rods
2 * r 0th Laue zone
RS
Θf
Figure 2.12: 3D view and RHEED screen projection of a cubic lattice in reciprocal space.
The distance between the specular spot and transmitted spot is equal to diameter of
zeroth Laue zone and related to the diffraction angle θf by tangential relation with RS .
The variations in observed patterns were interpreted qualitatively in this thesis
to study the quality of growth. The streak spacing is also used for in-plane lattice
parameter determination. Because the radius of the Ewald sphere is large compared
to the lattice parameter of complex oxides, the only diffracted spots observed on the
phosphor screen were the zeroth Laue zone and occasionally the first Laue zone. The
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Table 2.2: RHEED streaks spacing calculated for high symmetry SrTiO3 substrate
orientations
Direction Real spacing A˚ Reciprocal spacing (A˚−1) Streaks spacing (mm )
<100> 3.905(1) 1.609(1) 1.9(1)
<110> 2.761(1) 2.275(1) 2.7(1)
zeroth order Laue circle showed the intersection of the (0k) rod with the Ewald sphere.
The straight-through beam occurred as a result of the partially blocked incident electron
beam. The specular spot is never forbidden, unlike other diffraction spots, because it
is lying on the same reciprocal lattice rod as the incident electron beam (ki) and has
the majority of the reflected intensity. The radius of the Ewald sphere for the RHEED
system used in this thesis was 8.9(1) × 1011m−1 for a beam energy of 30 keV. This is
larger than the reciprocal lattice spacing of complex oxides by approximately two orders
of magnitude. This is shown graphically in figure 2.12 indicating that only a few sets of
intersections between the Ewald sphere and reciprocal rods can be projected onto the
screen. In-plane lattice spacing can be calculated from high symmetry directions. For a
cubic lattice an azimuthal rotation of 45◦ was necessary to observe both of the <100>
and <110> directions.
Knowing the substrate to phosphor-screen distance RS in the PLD chamber
(169±5 mm), the streak spacing can be calculated from equations 2.32, 2.33 and 2.34.
Table 2.2 contains the calculated in-plane lattice spacings. The accuracy in determining
the reflection angles, due to relative errors, was about 5 to 10%, reflected in the substrate-
to-screen distance (RS). Also the substrates used were either 5 × 5 mm2 or 10×10 mm2
in size, and this adds ± 2.5 mm or ±5 mm to the errors in calculation of RS . A solution
to this large error was to calibrate the measurements to the single crystal substrate which
has a known in-plane lattice parameters i.e., aSrTiO3=3.905(1) A˚. It was possible to work
out the incident angle and so convert the pixels from RHEED images to millimetres.
Additional information can be determined from RHEED patterns knowing the
incident beam angle. This was obtained knowing the geometry of RHEED and certain
dimensions as shown in figure 2.12. Based on the separation of the specular reflection and
transmitted spot where both lie on the zeroth Laue zone, such that θi = θf [110, 121],
and hence,
r0th laue zone = RS tan θi (2.35)
where r 0th Laue zone is the radius of zeroth Laue zone and is defined by half of the spacing
between transmitted and reflected spot ratio of RHEED and if the incident and diffracted
beam angle are equal for the zeroth Laue zone and (10) reciprocal rod.
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Table 2.3: Values of dimensions in RHEED images for SrTiO3 substrate impinged under
an electron beam of 30 keV at various incident beam angles.
Image Screen (mm) 0-Laue zone R (mm) Incident angle θi (
◦)
a 6.65 3.2 1.6
b 6.65 6.1 3.2
c 6.65 8.2 4.2
d 6.65 10.2 5.2
(
Figure 2.13: Series of RHEED patterns of SrTiO3 single crystal substrate at room
temperature at different incident angles (RHEED filament was at 30 keV and 1.55 A
filament current). Incident beam angle, θi, has been increased from image (a) to (d) by
tilting the heater stage. Zeroth Laue zone is highlighted by grey circle and the diameter
of this circle in pixels was used to calculate the numbers in table 2.3. The shadow of the
RHEED screen is highlighted with large grey circle. This diameter in pixels was associated
to the real dimension of RHEED phosphor-screen in mm and used as a reference for the
in-plane lattice parameter calculations.
Figure 2.13 shows the effect of the change in the angle of incident beam θi on
the diffraction pattern of SrTiO3 (001) substrate with the beam oriented along <100>
direction. To change the angle of incidence of the beam, the sample heater was tilted
and from equation 2.35, the incident angle was calculated from the radius of the zeroth
Laue zone. Table 2.3 shows the radius of zeroth Laue zone on the phosphor screen
measured in mm and the calculated incident angle for each image in figure 2.13.
2.4.2 RHEED oscillations
The dependence of the intensity of the specular reflection on the film coverage
is key to monitoring growth by RHEED. The intensity of the specular reflection of the
beam was recorded from the RHEED pattern (RHEED-Vision STAIB, GmbH [122]) as
a function of growth time. The intensity oscillations of the RHEED diffraction spots
during the growth process arise due to the dependence of the specular spot intensity to
the step density at the surface and are purely an effect arising from the scattering of
electrons from the steps, kinks and islands at the surface. In layer-by-layer growth mode,
the growth is such that one intensity oscillation is equivalent to the deposition of one
monolayer.
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Figure 2.14: Completion of one single layer on top of a smooth surface in 2D growth
mode is demonstrated. The graph on the right hand side is real data from growth of
LaNiO3 thin films. The coverage factor corresponds to five continuous stages of growth
in order to grow one unit cell of LaNiO3 on SrTiO3 substrate.
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Starting the growth from a smooth surface leads to the greatest intensity of the
specular spot. In this process the surface undergoes cyclic periods of roughening and
smoothing caused by nucleation, growth and coalescence in the completion of layers. This
variation in roughness is due to the different coverage. Bearing in mind that electrons
of energy 30 keV have a wavelength of 0.07 A˚, considerably smaller than the thickness
of the layer which it is around 4 A˚, they are scattered easily by the step edges on the
surface, hence the specular intensity drops. The red dot in figure 2.14 on the intensity
oscillation shows the instant in the deposition and the corresponding coverage factor
of it is shown by θ. Five points in the deposition of one monolayer were chosen to be
illustrated schematically at quarter monolayer intervals for continuous growth of one unit
cell of a LaNiO3 thin film on (100) SrTiO3 substrate. While the higher intensity streaks or
Figure 2.15: So called one-beam condition for oscillations monitoring of the RHEED
specular intensity is achieved by azimuthally rotating the SrTiO3 substrate from <100>
to <110> orientation. The RHEED images are taken from [123] with his permission.
spots are appealing for monitoring as they are coming from elastically scattered electrons;
there are extra high intensity features due to the intersection of Kikuchi lines with high
symmetry direction streaks. These phenomenon can affect the intensity measured during
the growth of a film and should be avoided as they can interfere with the intensity
oscillation measurements. The ‘one-beam condition’ solves this problem by rotating
the sample azimuthally and moving it away from high symmetry directions. Hence
the oscillations during the growth are associated only with the oscillations of intensity
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arising from completion of one monolayer. In this condition, the reflected component is
the dominant component of intensity, hence is the best condition for RHEED intensity
measurements as it minimises the convolution of intensities arising from Kikuchi lines
and the other reflections. Figure 2.15 shows how to achieve the one-beam condition by
rotating the SrTiO3 substrate azimuthally from the <100> to <110> orientation.
2.4.3 RHEED patterns of different surface crystallinity
Substrate
Substrate
Substrate
a)
b)
c)
Substrate
d)
Figure 2.16: Schematic illustration of four various types of surface crystal structure
with schematic and colour-inverted RHEED patterns (a) Polycrystalline nature of the
crystal gives rise to a ring type pattern similar to powder diffraction rings through the
transmission diffraction of different plane orientations. (b) A three dimensional surface
of a single crystal showing bulk type transmission diffraction spots. (c) A smooth surface
of a single crystal. (d) Atomically smooth two dimensional surface of a single crystal
with minimal defects with terraces width larger than transfer width (figure adapted from
[121]) with his permission.
RHEED is highly sensitive to the surface features and roughness. An important
factor here is the ’transfer width’ which can be defined as the largest distance in which
the detection of interference is possible [124, 125]. Figure 2.16 shows four surface types
and their expected inverted RHEED images. In the case of a two dimensional smooth
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surface, diffraction spots will lie on concentric Laue circles. Sharp diffraction spots can
be seen only if the terrace width is larger than that of the beam transfer width, as
shown in figure 2.16-(d). However, if the terrace width is comparable to the interference
width, this leads to the ’streaky type’ pattern illustrated in figure 2.16-(c).The transfer
width is related to the RHEED geometry and also the width of step terraces (for typical
substrates below 500 nm) of the surface when the transfer width is typically around a
few thousands A˚ [125]. The streaks arise when the neighbour terraces have different
heights and this changes the path length. Although the terraces are atomically smooth,
the phase difference causes the streaks.
By increasing the surface roughness (i.e. with a 3D island growth mode; see
section 2.3.1), the possibility of transmission of the electron beam through islands
increases. In this case the surface lattice rods become lattice points similar to the
bulk-type structure, this leads to 3D diffraction spots which are positioned on a grid-type
pattern as demonstrated in figure 2.16-(b). In this case, the kinetic energy of the electrons
used in RHEED (30 keV) leads to an inelastic mean free path that is comparable to
the island size, resulting in 3D, rather than 2D diffraction pattern. For example, the
calculated Inelastic mean free path for rare earth transition metal oxides is between 35
to 40 nm [126]. It is difficult to determine the bulk crystal structure using RHEED as
extraction of quantitative data from this type of pattern is non-trivial due to the complex
origin and uncertainty in the type and size of islands. As can be seen in figure 2.16-(a),
the diffraction pattern looks different when the surface roughness increases dramatically
and polycrystalline islands (textured materials) are present on the surface. However, if the
thin film is textured a preferred orientation can be observed, For example, if preferentially
textured along the c-axis, areas of higher intensity can be seen along Laue zone circles
consists of concentric rings due to rotational nature of the disorder in polycrystalline thin
films and each ring can be attributed to certain plane in the polycrystal [125].
2.5 Summary
PLD was introduced in this chapter as an excellent deposition technique with
the aid of in-situ technique such as RHEED to grow complex oxides. Different types of
growth were explained. The relation between the film growth and several characteristic
parameters of PLD was discussed such as the amount of ablated materials by each laser
pulse, mobility on the surface of the substrate, gas pressure, intrinsic parameters such
as the strain induced due to lattice mismatch between the substrate and the film, and
compatibility between interfaces. In summary, RHEED and surface science related to it
was explained. It can be concluded that, UHV-PLD equipped with RHEED is an excellent
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technique for growth control on the atomic scale as it gives real-time feedback. The
creation of artificially layered structures with unit-cell control is possible by observing
and counting RHEED intensity oscillations as each oscillation corresponds to completion
of one monolayer. Furthermore, RHEED intensity envelopes bring insight into growth
mode transitions i.e., layer-by-layer growth to the 3D island growth mode.
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Chapter 3
System setup and analysis tools
The pulsed laser deposition (PLD) system used in the course of this research
was commissioned, partially assembled and tested as part of this work. Since the
commissioning of the system in 2010, the PLD laboratory has undergone many minor
redesigns and adjustments including the assembly of the closed laser path with the
relevant optics to guide the laser beam safely to the deposition chamber. The following
sections cover a brief introduction to this UHV deposition-analysis cluster, followed by
the growth process and related calibrations.
3.1 System overview, design and elements
The PLD-RHEED system with in-situ X-ray photoemission spectroscopy (XPS)
and STM system consisted of an external Excimer laser source in addition to two UHV
chambers with independent pumping systems but connected by a gate valve in the middle
and a transfer arm to allow in-situ sample transfer. This UHV cluster was a collaboration
between Omicron GmbH and Twente Solid State Technologies (TSST). The system
setup is illustrated both with a photo of the actual laboratory in figure 3.1 and a plan
view schematic of the system drawings in figure 3.2. There were two ways of loading
samples into the system; first via the load-lock chamber attached to the PLD chamber
or secondly via a small load-lock placed after the gate valve which separated the PLD
chamber from the analysis chamber. In-situ sample transfer was possible even if the
pressure of the two chambers varied by 2 orders of magnitude due to the small diameter
of the transfer line. The main UHV chamber was the PLD in which the samples were
grown whilst being monitored by RHEED (described in detail in section 2.4).
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The in-situ transfer only took place when the XPS analysis was performed
immediately after the growth of the oxide thin films. The load-lock chamber attached
to the PLD is also used for inserting and removing the target carousel. The system
is fully controlled by computer and associated software designed by TSST. A double
differentially pumped RHEED system was attached to the PLD chamber which consisted
of a filament, deflection coils, aperture, fluorescent screen, a shutter, viewpoint and
two separate pumping systems. The geometry of the RHEED setup attached to PLD
chamber was shown previously in figure 2.1. The RHEED gun was pumped to a pressure
of less than 5 ×10−4 mbar. The electron gun was pumped differentially to allow RHEED
operation up to a maximum pressure of ∼ 0.1 mbar in the deposition chamber with
in-situ RHEED investigation. To reduce the pressure to UHV in the vacuum chamber a
range of equipment and pumping systems are required. Mechanical rotary pumps are
used for the first stage of pumping, reducing the pressure from atmospheric pressure to
a medium vacuum of 10−3 mbar. Rotary pumps remove gas particles by compression
through repeatedly decreasing and increasing of the pumped volume and then transferring
it to the atmosphere.
For the transition from the medium to high vacuum regime, a rotary pump alone
is not sufficient and there is a need for further types of pumps which do not work based
on the viscous flow of gases. The dominant pump used to achieve high and ultra-high
vacuum in the surface analysis chambers are turbomolecular pumps (turbopumps). These
pumps also work by compressing gas through a directed momentum transfer to gas
molecules due to periodic collisions of particles with the surface of turbine blades. The
alloyed blades are spun continuously and rapidly, up to 80 krpm, and the backing rotary
or scroll pump transfers the exhaust to the atmosphere. This keeps the turbo pump in its
most efficient molecular, or transition flow, regime [128]. Titanium sublimation pumps
(TSP) and ion pumps are both oil-free getter-type pumps. Titanium as so many other
metals, including zirconium, niobium and aluminium becomes a getter surface to trap
active gases. In a titanium sublimation pump, the titanium filament takes advantage
of relatively low sublimation temperature of titanium and sublimates it to cover the
surrounding area and surfaces. The sublimed titanium reacts with gas molecules, becomes
inactive, and thus periodic refreshing the titanium layer should take place [128].
The latter capture pump, the ion pump, consists of several Penning cells. Each
cell has parallel cylindrical plates as an anode and uses an active metal (titanium) as the
cathode. The pump is operated by applying a high voltage of between 3 and 7 kV to
the cathode with a magnetic field of 0.1 to 0.2 T applied parallel to the anode plates.
Emitted electrons will be trapped in a potential well with a circular path to prevent their
immediate arrived at the anode. This maximises the ionising collision probability with gas
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V
V Vacuum measurement, vacuum gauge head
Definition
Vacuum pump general 
Turbomolecular pump
Scroll pump
Flexible connection (e.g. bellows, flexible tubing)
Hydraulic or pneumatic operation (gate valve)
Electric motor operation (gate valve)
Manual operation (gate valve)
Right angle valve
Symbol
Figure 3.3: A schematic diagram of the ultra-high vacuum pump system of a PLD
chamber. The vacuum symbols are explained in the table. These symbols are used
universally in vacuum technology [127].
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molecules by increasing the traveling time of electrons in a spiral path. After collision, the
ionised gas molecules are accelerated towards the cathode, and sputter away the titanium
on the adjacent walls of the pump. The total number of molecules, thus, decreases
resulting in a reduction of vacuum pressure. Since the number of ionisation events is
approximately related to the ion current and ion current drops when pressure decreases,
this allows ion pumps to be used as pressure gauges [128]. To increase desorption and
diffusion rates of atmospheric gases from internal surfaces, the whole chamber should
be ’baked out’ periodically. The baking process involves heating the whole chamber up
to 150 ◦C, after removing sensitive or non-bakeable connections from the system, while
the chamber is under continuous pumping to remove desorbed gas molecules. Upon
cooling, after degassing the components such as filaments (i.e. Bayard-Alpert ion gauge),
eventually the lowest possible UHV pressure is achieved. A schematic diagram of the
ultra-high vacuum pump system of a PLD chamber is shown in figure 3.3.
3.1.1 KrF Excimer laser
The laser used for deposition in this work was a Lambda Physik LPXPro 210,
from Coherent GmbH. The term Excimer comes from ’excited dimer’ which refers to
the excited diatomic molecules that acted as the lasing medium [81]. Using Krypton
Fluoride (KrF) as the active lasing medium gives an output at a wavelength of 248 nm.
This wavelength provides the high photon energy required in PLD to initiate the laser
ablation. The high output energy required should be of the order of several J/cm2 over
an area of a few mm2. The LPXPro 210 has a maximum repetition rate of 100 Hz (can
be varied from 1 to 100 Hz), nominal pulse energy of 1000 mJ and maximum average
power of 65 W. The divergence of Excimer laser light is 1 mrad vertically and 3 mrad
horizontally with a non-Gaussian beam profile in one direction. The pulse duration was
25 ns for this laser. For the work described here the repetition rate was kept constant at
5 Hz while the other deposition conditions were varied to find an optimal set of growth
parameters.
Energy modes of the laser and energy attenuation
There are two factors that affect the output energy of an Excimer laser: the
age of the laser gas and the operational high voltage (the charging voltage). The pulse
energy of the laser reduces when the gas used in the laser tube ages. As the laser gas
ages, the voltage should be increased to compensate for the loss in energy. The laser
in this work is set to use premix gas cylinder (10 litre pre-mix of 0.12% F2, 2.3% He,
3.03% Kr and the rest Ne gas). The laser was running under ’no gas replacement’ mode
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meaning there were no gas actions at the time of the operation.
There are two fundamental operational energy modes of the LPXPro, The ’high
voltage (HV) constant’ mode and ’energy constant’ mode. The former is when HV is set
to certain value while the energy decreases over time due to the laser gas deterioration.
The latter implies that the laser adjusts the high voltage to keep the energy constant at
a pre-set value. The laser during this work was operated in HV constant mode. The
reason for this was the lack of accuracy in the internal energy meter of the laser resulting
in significant variations in pulse-to-pulse energy. The energy was measured after the
projection lens using a head-sensor in conjunction with Coherent energy meter. The
accuracy of the energy reading was 0.1 mJ. Since the pulse-to-pulse energy is more
stable at higher operating voltages an attenuator was used to access lower energies whilst
keeping the energy output stable. This also allowed access to a larger parameter space
for optimisation. The attenuator was placed just after the exit point of the laser was a
MicroLas attenuator from Coherent GmbH.
3.1.2 Optical elements for the laser path
Figure 3.4 illustrates how the laser beam was guided into the PLD chamber using
a suitable arrangement of Excimer laser compatible mirrors and lenses. The distance
between the laser and chamber was ∼4 m, which allows imaging of the aperture onto
the target to obtain various spot sizes. Using a ’periscope’ type mirrors arrangement,
the height difference between the chamber laser window and the laser exit aperture
was adjusted. To attain a well-defined spot shape and improved energy profile by
cutting off the in-homogenous part of the low-intensity beam, a rectangular shape
aperture was placed before the lens to restrict the beam image and to be able to adjust
the demagnification factor by changing its place relative to the lens position. The
dimensions of the aperture were 2.1 ±0.1 × 18.0 ±0.1 mm2 which allowed at least
∼80 % transmission of the high intensity area of the beam.
The image of the aperture was projected onto the target surface using a lens.
The lens in this setup was a UV Grade Fused Silica (50 mm in diameter with 500 mm
focal length). The demagnification is important since the thin film quality is greatly
affected by laser energy density, or fluence, on the target. In setting up the optics for
PLD, it is not recommended to focus the beam directly on the target surface by putting
the target in the focal length of the lens as this will lead to an in-homogenous distribution
of energy density and interference effects [129]. As shown schematically in figure 3.5, it
is necessary to place the target slightly off focus where the beam profile is imaged on
the surface of the target sharply to achieve clean ablation [129]. To achieve the desired
demagnification, there are a few parameters to adjust such as the target-lens distance
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Figure 3.4: Schematic of the PLD optical arrangement with UV Excimer laser 248 nm.
The long beam path allows varying the demagnification and focusing the beam onto
the surface of the target as required. The energy fluence of 2 J/cm2 was achieved by
focusing the mask image onto the target.
(dt) and the aperture-lens distance (dm) knowing the focal length of the lens (f) and
the demagnification factor is defined as dt/dm. The arrangement of mirrors is illustrated
schematically in figure 3.4. Projection lens and also the target surface is shown with
respect to the laser beam (at 45◦) in this PLD setup. It should be noted that this angle
affects the projection of the image onto the target surface and expands it by a factor of√
2 in the width of the beam spot.
EF =
E√
2A
(3.1)
where EF is the on-target energy density (fluence), E is the measured energy of the
laser beam after the aperture and A is the demagnified area. It is important to note
excessive demagnification of the spot can result in reduction of thin film quality and
growth rate. There is a trade-off when choosing the beam spot size as the plume becomes
less directional [129] when decreasing the beam spot size on the target surface. The
consequences of the in-homogenous distribution of energy density on the target can lead
to incongruent melting and splashing effect combined with micrometre size particulates
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Focus
Image
Laser beam
dm dt
LensMask (Object)
Figure 3.5: An illustration of the imaging system using a single projection lens for an
Excimer laser. The Laser beam focusing is compared with laser beam imaging (coloured
rectangular image is a near field measured beam profile for a KrF laser).
reaching the substrate [76]. Based on equation 3.1, four various demagnification places
for the aperture and the lens were calculated and are presented in table 3.1.
Demagnification dt (cm) dm (cm) Spot height (mm) Spot width (mm)
1/5 64.0 320 3.6 0.6
1/4 67.4 269.6 4.5 0.8
1/3 72.5 217.5 6 1
1/2 82.0 160 9 1.5
Table 3.1: For laser beam imaging calibration, four different places of the aperture and
projection lens were determined to achieve various spot sizes. It should be noted by
placing the aperture and focusing lens, a flat-top image was projected onto the surface
of the target for homogenous ablations.
3.2 Deposition setup
For in-situ characterisation i.e., XPS and STM, the substrate holder had to be
compatible with in-situ transfer. The traditional substrate holder was not suitable for
this work and was redesigned. The new design was a combination of the old stage with
an additional Omicron sample plate. Figure 3.6 shows the evolution of the substrate
holder from the original design to the in-situ transferable custom-design. The heater
assembly had 5 degrees of freedom allowing for full translational movement, as well as
tilt and azimuthal rotation for RHEED study and sample transfer. A silver paste was
used as an adhesive to glue the substrate onto the sample plate due to its good thermal
contact and stability at high temperatures.
Omicron plates were cleaned by mechanical polishing using grinding papers and
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Omicron Sample plate
Substrate holder
Silver paste used as a glue
Substrate after growth
(a)
(c)
(b)
Figure 3.6: Image (a) the original holder which did not allow for in-situ sample transfer
(b) the new design with screws to hold an Omicron sample plate (c) an image showing
substrate holder with a sample attached to it after the growth.
subsequently cleaned ultrasonically using Acetone and isopropyl alcohol (IPA). A selection
of single crystal substrates were studied initially by X-ray diffraction to examine their
quality and were selected for final growth based on their rocking curve full width half
maximum (FWHM). If not treated to achieve single termination, they were cleaned in
an ultrasonic bath for 10 minutes in acetone and were transferred to IPA to avoid any
residue from the acetone, and then placed in the ultrasonic bath for a further 10 minutes.
Substrates were blown dried immediately after the IPA bath using a nitrogen gun. Using
silver paste, the substrate was then attached to the sample plate (figure 3.6-c)). The
contact between heater and substrate should be homogeneous to avoid any temperature
gradient across the substrate during the growth. Once the substrate was attached, it was
placed on a hot plate at 200 ◦C for 1 hour. Then it was blown dried again with nitrogen
gas and transferred to the PLD load-lock mounting the Omicron plate onto the substrate
holder. For reproducible thin film growth, the target surface was polished, because the
surface alteration of the target after irradiation with several thousand pulses affects the
surface morphology of the target changing the angular distribution of energetic species
[130]. Gentle and even polishing using grinding paper and IPA was performed.
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3.2.1 Laser ablation
To clean the area of deposition before ablation, an in-situ pre-ablation process
was carried out with the shutter covering the substrate surface. Targets were pre-ablated
in the presence of oxygen for 1000 pulses at 5 Hz prior to deposition. Pre-ablation
ensured any surface contaminants adsorbed in the polishing process were removed. After
completion of pre-ablation, the chamber was pumped to its base pressure. Before starting
the deposition, the RHEED settings were optimised to produce a well-defined diffraction
pattern of the substrate. The electrons can be focused, accelerated, and deflected in 2
orthogonal directions via the electronic and magnetic optics. There were 6 parameters
in RHEED be optimised: 1) beam energy, 2) filament current, 3) focus, 4) grid, 5)
X-deflection, and 6) Y-deflection. The RHEED voltage was gradually increased until it
reached 30 keV which was the maximum energy achievable in our system. It was used
to reduce electron scattering in ambient gas. The attenuation of the electron beam
intensity occurs due to the lower mean free path of electrons in an ambient gas such
that [131]
I
I0
= exp
(
− l
LE
)
, (3.2)
and LE is the mean free path defined by
LE =
1
σTn
, (3.3)
where σT is total cross-section for scattering and n is the molecular density given by
n =
P
kBT
, (3.4)
where P is the ambient gas pressure, kB is Boltzmann’s constant, and T is the absolute
temperature. The cross-section of the scattering σT depends on the energy of the
electrons. The filament current controlled the temperature of the filament and hence
the maximum emission current. The maximum current of 1.55 A was used to prevent
burning out the filament. The focus and grid settings were adjusted simultaneously since
more sharply defined diffraction patterns can be achieved at the expense of decreased
intensity. The beam divergence and the position of the focus were defined by the focus
value, while the grid was used to limit the beam diameter and consequently the beam
current leading to a more steadily collimated beam. An ideal beam spot of a small round
circle with a well-defined edge was achieved before bringing the substrate into the beam.
The X-deflection and Y-deflection were then used to move the beam. The two sets of
X and Y deflection units were used to deflect the beam in a horizontal and a vertical
64
plane, such that, the electron beam was guided through the pinhole at the end of the
RHEED differential pumping tube and impinged on the surface of the substrate. The
substrate can be tilted and also moved back and forward in the direction normal to
the surface plane to adjust the sample position on the optical axis (figure 3.4). The
sample was rotated azimuthally to capture several RHEED images for post-growth lattice
parameter analysis. Next, the shutter was opened for heating in order to prevent any
redeposition of material from the shutter surface onto the substrate. The sample was
heated to the growth temperature at a rate of 20 ◦C/min. The chamber was filled with
the desired oxygen background after the substrate temperature had reached 400 ◦C to
prevent excess oxygen vacancies in the SrTiO3 substrate as a result of annealing in UHV.
The actual surface temperature of the substrate was verified using a pyrometer and the
heater output was adjusted to stabilise the sample to the correct temperature. Once
the required temperature was stabilised, the heater power supply was kept at a constant
current to prevent any deflection of the electrons by any magnetic field produced by
fluctuations in the heater current. For similar reasons, the main gate valve of the PLD
chamber was set at a fixed position. For all the films grown, the (000) reflection was
monitored. A line profile of the (000) specular spot was observed to adjust the angle
of incidence, and hence optimise the FWHM of the specular peak using the X- and
Y-deflection in conjunction with the focus and grid circuits of the RHEED. The number
of pulses for the deposition was set at the start of the growth run, depending on the
desired thickness. A different approach was followed for multilayer growth depending on
the thickness of the bilayer which is discussed in detail for each superlattice in chapter 7.
The following section explains the experimental techniques used after the deposition to
characterise the resulting thin films.
3.3 Analysis tools
In this section the theory and principles of the experimental techniques used
after the growth of thin films are explained. A wide range of techniques have been
used for the analysis of the grown samples including high resolution X-ray diffraction
(HR-XRD), transmission electron microscopy (TEM), atomic force microscopy (AFM),
X-ray photoemission spectroscopy (XPS), magnetic measurements using superconducting
quantum interference device (SQUID), and transport measurements using a physical
properties measurement system (PPMS). A brief description of these characterisation
techniques are given with the underlying basic principles explained.
65
3.3.1 High resolution X-ray diffraction (HR-XRD)
While electron scattering from the near surface region leads to diffraction of the
beam in RHEED, in X-ray diffraction (XRD) photons are scattered coherently from core
electrons in the bulk of a material. Diffraction peaks occur if the path length of the
scattered photons between two scattering points is an integer multiple of the wavelength
of the photons. This was suggested by Bragg and can be expressed mathematically as
nλ = 2d sin(θ) (3.5)
where n is an integer, λ is the wavelength of the incident X-ray beam, d is the spacing
between adjacent atomic parallel planes with Miller indices h, k and l, and θ is the angle
of incidence between the X-ray beam and lattice planes of the crystal (known as the
Bragg angle). For diffraction to occur, λ needs to be smaller or equivalent to the lattice
spacing (of the order of Angstroms). In equation 3.5, n is referred as the ’order’ of
diffraction. For example a ’second order’ reflection in a cubic lattice will be labelled as
(002) and the corresponding planes have a d spacing equal to half that of the (001)
planes.
This dependence of equation 3.5 on λ is not desirable when comparing two
diffraction datasets collected using various photon energies (e.g. between a lab source
and a synchrotron). This dependence can be removed by rewriting Bragg’s law based on
the scattering vector, Q, of the scattered photons, allowing the transformation of the
collected data from angular space to reciprocal space. This transformation is depicted
graphically in figure 3.7 which amounts to the following mathematical relationship
through geometry [132]
Q =
 QxQy
Qz
 =

2pi
λ (sinαi + sinαf )
0
2pi
λ (cosαf − cosαi))
 (3.6a)
where
2pi
λ
is the magnitude of |k|, the wave vector of the scattered photons, αi and αf
are the incident and final (outgoing) angles measured with respect to the surface of the
sample or lattice plane. On the diffractometer the angle ω is defined as the circle that
the sample rotates in with respect to the incident beam and the detector angle is given
by 2θ. These angles are related to αi and αf by
αi + αf = 2θ and ω = αi, (3.6b)
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Figure 3.7: Graphic depiction of the scattering vector for an angle dispersive set-up. αi
and αf are the incident and final (outgoing) angles. The angle ω is defined as the circle
that the sample rotates in with respect to the incident beam and the detector angle is
given by 2θ.[132].
so,
Q =

2pi
λ (sinω + sin(2θ − ω))
0
2pi
λ (cos(2θ − ω)− cosω))
 . (3.6c)
In the case of symmetric diffraction, where αi = αf equation 3.6c simply reduces to
shown as
|Q| = Qz = 4pi
λ
sin(ω). (3.7)
Equation 3.7 can be substituted into Bragg’s law (equation 3.5) to yield
d =
2pi
|Q| . (3.8)
This convention is useful as all families of parallel planes are evenly spaced in Q-space
and the diffracted peak positions are independent of the experimental set-up. This
also simplifies lattice parameter calculations. The majority of the XRD data presented
were taken from a Panalytical X’Pert Pro MRD. The source in this diffractometer was
copper (Kα1 (λ = 1.5406(1) A˚)) operating at 40 kV /45 mA. To have a high intensity
monochromatic beam, a hybrid Ge crystal was used at the source in addition to divergence
slits to collimate the beam. There are five degrees of freedom in this set-up including
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Figure 3.8: Schematic of a double axis high resolution XRD instrument. The six motorized
movements of the MRD cradle are shown. The angle Ψ is also known as ’tilt’ angle
when Φ is azimuthal rotation. x, y and z are translational axis.
the sample stage x, y, and z which corresponds to the sample position, the rotation
and also the tilt of the sample stage, phi (Φ) and psi(Ψ), respectively. Figure 4.4 is a
schematic of XRD set-up showing the angles in which the sample stage can be rotated.
These rotations were used to optimise the intensity of the diffraction peak (from the
(002) plane of the SrTiO3 substrate).
3.3.2 Transmission electron microscopy (TEM)
In order to allow the transmission of electrons in TEM, very thin (with thickness
of 100 nm or less) specimens and electrons with very short wavelengths (∼ 0.003
nm) are used. This very short wavelength results in a significant improvement in the
resolution of the microscope (0.075 nm point resolution at 200 kV). Furthermore, the
transmitted electrons not only can be used as a real space probe of the sample, but
also as a reciprocal space probe using their diffraction pattern providing finer detail of
the specimen’s structure. High magnification images can give insight into the quality of
heterostructures and reveal nanoscopic defects in a crystal. Interfaces between multi-
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layers can also be examined by TEM and compositional analysis can be obtained by
monitoring the energy loss of the electrons as a result of their interaction with specific
elements. A schematic representation of a typical TEM column is shown in figure
3.9. Electrons are generated using an electron gun, shown at the top most part of the
schematic, by thermionic emission from a heated filament. Electrons are then accelerated
through the column using a voltage of 200 kV, towards a grounded anode. In order
to prevent fluctuations in the beam intensity, and to prevent its interactions with the
medium, the microscope column is water-cooled and kept under high vacuum (below
10−7 mbar). In order to correct for spherical aberrations induced by in homogeneities in
the magnetic lenses, which would otherwise limit the resolving power of the microscope,
spherical aberration correctors, CS , are used [133, 134, 135, 136]. TEM can be operated
under two different measuring modes: imaging and diffraction. When working in the
diffraction mode, a selective area diffraction aperture is placed before the intermediate
lenses, which allows the diffraction pattern to be measured from a specific area on the
specimen.
The contrast in a TEM image arises from four main effects: differing atomic
density (e.g. the differing contrast between La and Mn atoms), increasing the atomic
number (Z) results in variations in the electron scattering intensity; variations in the
specimen’s thickness, which will attenuate the transmitted electron intensity; differing
atomic planes due to the strain or defects in the crystal; and the selective diffraction
condition due to the tilt of the specimen with respect to the incident electrons. Low-
resolution defect studies were carried out by ’diffraction contrast’ arising from scattering
of electrons by different planes of the crystal satisfying the Bragg condition, forming a
diffraction pattern. When operating in the diffraction mode, the scattered electrons are
split into reflections in the focal plane of the objective lenses and the intermediate lenses
are adjusted to focus the rays of individual diffraction conditions, which correspond to
specific crystallographic planes, onto a single focal point. The resultant diffraction spots
are then magnified using the projector lenses to resolve the diffraction pattern on the
phosphor screen. Tilting the sample results in the diffraction of electrons form certain
planes in a crystal. The [000] spot, comparable to that of the specular spot in RHEED,
is a ’straight-through’ beam and is always present. When the sample is tilted such that,
either, only the [000] spot or the [000] and another spot are visible, the condition is
called the ’bright field’ (BF) or ’two beam diffraction’ condition, respectively. Any kind
of anomaly within that crystal plane will lead to an electron intensity subtraction. If the
image is formed by excluding the [000] spot, it is called ’dark field imaging’ (DF). By
tilting the specimen onto a zone axis, such that the interference of several diffracted
beams (instead of individual beams) can be measured, high resolution TEM (HRTEM)
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Figure 3.9: Schematic representation of a typical transmission electron microscope.
Between the condenser lenses and condenser aperture is where the spherical aberration
correctors are placed and also the beam deflectors. (adapted from [137])
images can be obtained. A scanning coil can also be used to raster the beam across the
sample (scanning transmission electron microscopy (STEM) figure 3.10), and allows
microanalysis on specific areas of the specimen. The inner cone (∼70 mrad) of the
transmitted electrons, containing all of the Bragg diffracted electrons, are deflected onto
an electron energy loss spectrometer (EELS) and energy of the X-ray light, generated by
the electron beam incident on the sample, are detected by an energy dispersive X-ray
(EDX) detector. This provides compositional analysis of the layers in the superlattice.
In high resolution HAADF-STEM, scattering from individual columns of atoms is
detected. The angle of the inner cone in HAADF is made large (∼ 70 mrad) so that no
Bragg diffracted electrons can be collected. The outer cone of HAADF is made as large
as possible (∼ 150 mrad). The images are formed from elastically scattered electrons
which have passed very close to the nucleus of atoms. The HAADF atomic resolution
image shown in figure 3.10 is acquired from a perovskite thin film of LaNiO3. The
HAADF signal is very sensitive to the atomic number Z, the specimen thickness, and also
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Figure 3.10: Schematic of a STEM equipped with EELS and EDX. There are three
different detectors within a STEM: BF detector is located in the so-called near-axis
position; ADF detector is situated around the BF detector. HAADF detector is placed
as wide as possible around the ADF detector, but above the projection chamber.
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Figure 3.11: Schematic illustration of cleaving orientation for preparation of 〈110〉 and
〈100〉 TEM samples
density. High magnification images can give insight into the quality of heterostructures
and reveal nanoscopic defects in a crystal. It is shown schematically in figure 3.10 that
the bright field detector is located in the so-called near-axis position and the annular dark
field (ADF) detector is situated around the BF detector. The acceptance angle of each
detector is determined by the chosen camera length and also the detector’s dimensions.
the high-angle annular dark field (HAADF) detector is placed as wide as possible around
ADF detector but above the projection chamber.
3.3.2.1 Cross section TEM specimen preparation
In order to acquire high quality transmission electron images, specimen preparation
is of great importance. Specifically for TEM measurements, it is necessary to prepare
samples that are electron transparent and limit the probability of multiple scattering
events, which generally requires samples only a few hundred of nanometres thick. There
are many ways to prepare such a thin sample and the methodology often must be modified
on a system-by-system basis. For the majority of the work presented within this thesis,
a modified ’rapid TEM sample preparation’ [138] was used. In order to improve the
accuracy of the cleaving, the sample was initially back thinned by mechanical grinding.
To control the thickness during the grinding the sample was mounted face down on a
microscope slide, using wax as glue. The sample was then roughly ground down to a
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thickness of approximately 100 µm using a P800 SiC abrasive paper and then polished
with a finer SiC abrasive paper (p2400). Samples could be cleaved directly along the
〈100〉 direction by making a mark on the edge of the thin film using a fine point diamond
scribe. Afterwards the tweezers were used as a wedge then, using the groove created by
the diamond scribe, a gentle force was applied.
For non-standard orientations such as [110] it was necessary to cleave the thin
films in such a way that the view within the microscope would be along one of the
〈110〉 directions. As all the substrates used have a square shape of either 5 × 5 mm2 or
10 × 10 mm2, the sample were cut diagonally by the diamond saw into two or more
pieces. Figure 3.11 illustrates schematically the way these viewing orientations were
determined and cut along the cleavage plane by a diamond saw. The pieces cut by
diamond saw must be flattened cross-sectionally, which was performed by adhering the
two halves back to face using epoxy glue. This glued sandwich was then mounted
between various (500, 300 and 100 µm see figure 3.12) thicknesses of microscopic slides,
which not only offer a guide for grinding the sample down to a specific thickness (as
above), but also to provide structural support. The thinned sample was then cross
sectional polished using progressively finer abrasive papers (P800, P1200, P2400 and
P4000), resulting in a polished orthogonal sandwich with a square cross-section of 100
by 100 µm2 (figure 3.12).
The one-side polished or accurately cleaved sandwiched samples are then glued
on their polished side to a TEM slot grid (which is a ring typically made of copper or
molybdenum with dimensions 0.4 × 2 mm, 3.0 mm O.D.) along with two Si or SrTiO3
pieces, which have been similarly back-thinned to a thickness of 100 µm, which provide
structural support to the sandwich during grinding and ion milling. The thickness of
the sample was monitored during this step with optical microscopy, by measuring the
displacement in the focal point of the microscope between focussing on the TEM grid
and on the top of the sample (note that, in order to correct for gradients on the sample
formed by uneven grinding, opposite sides of the sandwich were measured using this
process). To provide finer control of the grinding, a ’jig’ (shown in figure 3.13) was
created by mounting a microscope slide on the end of a cylindrical metal bar with a
diameter of 2 cm; the sandwich and three back-thinned silicon slices (to provide levelling
for the grinding) are then mounted onto the microscopic slide. As SrTiO3 is relatively
brittle it must be ground along the desired crystallographic direction until the sandwich
sample is level with its supports to avoid fracturing and, once level, the sample is ground
orthogonal to the desired crystallographic direction. Progressively finer abrasive grinding
papers were used, and before moving to these finer grades, the sample was cleaned by
ultrasonic cleaning in IPA. Below 30 µm the sample can no longer be safely ground
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Figure 3.12: The initial process of rapid TEM preparation modified for perovskite
substrate SrTiO3 for <110> orientation. a) The sample (which was initially back-
thinned to 100 µm) was cut diagonally and then glued back-to-face. b) Depending
on the glue curing instructions, the sandwich is allowed to be set. c) Cross-section of
the sandwich needs to be polished finely before being placed on the TEM grid. To
facilitate controlled grinding, the supporting microscope glass slides of known thickness
(≈100 µm) were used starting from 5 glued microscope slides (500 µm block). d) To
thin the sample further, 300 µm blocks were used as the support. e) Final grinding step
before mounting the sandwich on the TEM grid is using a single microscope slide. Finer
grinding papers should be used at this stage for the final finish. f) This process results
in a sandwich with cross-section diameters of 200 µm × 100 µm.
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Figure 3.13: Final process of rapid TEM preparation of cross-section. a) Prior to
mounting the back-thinned sandwich, a fine arrow was made by a diamond scriber for the
interface identification (where the thin film is buried). A thin layer of glue was applied
for mounting the sample on a 3 mm TEM-grid. To support the sample, two Si pieces
were inserted on the sides. b) The first interface was placed at 2/3 of the diameter of
the TEM-grid c) For more controlled polishing, a so-called ’jig’ was created made of a
2 cm metal rod with glass microscope slide pieces on top. d) The grid was mounted
in the middle, and then was accompanied by three Si pieces to level the grinding. e)
The sandwich assembly was then ground down with similar method as back-thinning.
The thickness of the sample was checked regularly using an optical microscope until it
reached 30 µm. f) Sample was placed in an argon-ion mill until a hole appeared at the
interface to ensure that the electron transparency is achieved.
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using mechanically means, and instead is argon-ion milled and a Gatan Precision Ion
Polishing System (PIPS) was used. The Gatan PIP system has an incident beam above
and below the sample, whose incidence angle can be varied. The sample is rotated
during ion milling to improve the homogeneity of the sample thickness. Within the ion
mill the sample is bombarded with argon ions, accelerated with a voltage of 6 kV, until
a hole appeared in the region of interest. This hole guarantees the presence of areas
that are suitably thin for use in the TEM, and once observed the accelerating voltage is
decreased to 3 kV for several minutes and then to 2 kV for final polishing to prevent Ion
beam-induced amorphisation. After this process is complete, the sample is ready to be
mounted into the TEM.
3.3.3 X-ray photoelectron spectroscopy
Whilst XRD and RHEED can give valuable information concerning the bulk and
surface crystal structure, as well as the flatness of the interface and surface, no chemical
composition data can be provided by these techniques. X-ray photoelectron spectroscopy
(XPS) is a non-destructive surface sensitive technique which allows detailed quantification
of electronic and chemical states of the first few atomic layers of a sample. XPS can be
used for elemental and chemical identification of the surface allowing determination of
the surface composition.
XPS is based on the photoelectric effect, which was first explained by Einstein
[139]. In XPS, the surface of the material is irradiated by X-rays and surface atoms
which absorb photons with energy greater than the sum of the electron binding energy
and the work function of the sample will emit electrons (photoelectrons) due to energy
transfer from the photons to the core level electrons. The process of photoemission can
then be summarised as follows: the excited electron is promoted to a higher unoccupied
energy state; next the photoelectrons propagate into the sample surface (where elastic
and inelastic scattering may occur); finally, the electron will be transmitted into the
vacuum [140, 141]. The energy of this emitted photoelectron is characteristic of the
atom from which it this emitted since core level electrons do not participate in bonding
and their energy is, to some extent independent on the environment [142]. By measuring
the kinetic energy of the photoelectrons, the binding energy can be calculated as
EB = hν − EK (3.9)
where EB is the binding energy, hν is the energy of the X-ray photons, and EK is the
kinetic energy. This is a rather simplified situation and to achieve accurate information
on the binding energy of the material the analyser needs to be calibrated by measuring a
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Figure 3.14: Schematic of X-ray photoelectron spectroscopy with the energy level
diagram. Left) An X-ray beam with energy of hν impinges on the surface of an
electrically conducting sample which shares a ground with the electron energy analyser
(spectrometer). The Fermi level of the sample and analyser are aligned such that EB
can be referenced to the EF . Right) The measured kinetic energy (EKmeasured) leads to
determination of EB without knowing the φSample, but there is essential to know the
φAnalyser.
metallic sample that shares a ground potential with the analyser. This is because EB
is referenced to the Fermi level whilst the measured EK is generally referenced to the
vacuum level. There is a difference between the sum of EB and EK and the X-ray energy
known as the ’work function’ which is related to the Fermi level (EF ) and vacuum level
(EVac) by [143]
φ = EF − EVac. (3.10)
Here φ is the work function and defined as the minimum required energy for an electron
to be ejected from the highest occupied state into the vacuum. Thus, the Einstein
equation (equation 3.11) becomes
EB = hν − EK − φAnalyser. (3.11)
The true value of EK (EK true) is compared to the one measured by the electron
energy analyser (EK measured), shown schematically in figure 3.14. Thus, an analyser for
detecting photoelectrons can be calibrated by measuring a well-defined core orbital from
a clean, grounded-standard metal (e.g. the Au 4f7/2 at a binding energy of 83.96 eV).
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Figure 3.15: Schematic of typical X-ray photoelectron spectroscopy setup including the
photon source (X-ray source), lens system and a hemispherical electron analyser to detect
energy of the ejected electrons from the surface of a sample.
In this way there is no need to measure the sample’s work function φSample.
In XPS spectra, higher oxidation states are related to higher EB due to the more powerful
Coulomb interactions. It should be noted that the relaxation can affect the measured
EB significantly and not necessary due to changes in the chemical environment, however,
by fitting the measured core level spectra it is possible to analyse reliably the chemical
environment surrounding the atom, as well as the type of bonding that it is taking part
in. This provides, not only an elemental fingerprint of the species at the surface, but a
chemical one as well. The typical source of X-rays used in XPS is the Kα emission from
aluminium (Kα=1486.58 eV) or magnesium (Kα=1253.56 eV) anodes obtained from a
cathode X-ray tube. Two different types of cathode X-ray tubes were used in this work:
ex-situ measurements were performed using a monochromatic XPS system and in-situ
measurements were performed using a non-monochromatic XPS system with a flood gun
for measuring non-conducting substrates. The recorded spectra were obtained by varying
the detected EK and measuring the intensity of the photoelectrons. In this thesis the
elemental ratios or atomic percentages were of importance and knowing the instrumental
constants and settings, elemental rates were determined using CasaXPS [144].
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Figure 3.16: A schematic diagram of an atomic force microscope
3.3.4 Atomic force microscopy
Atomic force microscopy (AFM) was developed to image insulating surfaces.
A sharp tip is brought close to a surface in atmospheric pressure while the sample is
scanned, resulting in height resolution of ∼ 1A˚ and lateral resolution of better than
100 A˚. AFM is particularly useful when studying insulating oxide surfaces. The tip is
atomically sharp with 10 to 25 nm width at the top, which is placed at the end of a
soft cantilever. When the tip is brought close to the surface (typically a few A˚), the
tip deflects away from the zero position of the cantilever due to any forces on the tip.
This deflection can be monitored by several methods. One of the most commonly used
is a laser light reflected from the back of the cantilever, onto a four-quadrant position
sensitive photodiode (PSPD) as illustrated in figure 3.16. In figure 3.16 a schematic of
an AFM setup is also shown including a piezoelectric scanner which controls the relative
motion between the tip and the sample surface. Tip deflection (both vertically and
laterally) is due to the change in the interaction between the tip and the surface of the
sample when the tip is scanning over the sample. A 3D topological map is produced
when the reflection movement of the laser spot is deflected on the PSPD [145].
There are two basic modes of AFM: contact mode and tapping mode. In contact
mode, the tip is brought into contact with the surface physically. A feedback loop was
used to maintain the deflection constant while the surface was scanned. Tapping mode
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Figure 3.17: A schematic diagram of the SQUID magnetometer showing the Josephson
junctions and the pick-up coils.
AFM runs under a dynamic mode in which the cantilever is vibrated at just above its
resonant frequency while the tip is maintained at a constant distance from the surface.
Any force on the tip results in altering the frequency of oscillation, so by maintaining
constant amplitude through a feedback loop the topographic map of the sample can be
obtained. The cantilever resonance is monitored by its phase, amplitude, and frequency
and their variation due to the interaction forces between the tip and sample. Tapping
mode works at large amplitudes (∼ above 800 nm). In order to reach the sample the
cantilever oscillates until it comes into contact with the surface [146]. In this thesis
tapping mode AFM was used to provide a topography map of the surface. The height
images are used to provide the root-mean-squared (RMS) roughness of the sample. The
RMS value is an indication to the average density of surface features while high roughness
gives the height of features. The images were processed using the Gwyddion software
[147].
3.3.5 Magnetic measurements
A superconducting quantum interference device (SQUID) was used for bulk
magnetic measurements due to its sensitivity to small magnetic fields which is ideal when
monitoring slight changes in the magnetic behaviour of thin films while changing the
temperature of the sample and magnetic field.
The SQUID magnetometer consists of a superconducting ring with two thin
insulating layers called ’Josephson junctions’ and it is attached to pick-up coils placed
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inside the superconducting magnet (figure 3.17). The sample is held in a desirable
orientation relative to the applied field using non-magnetic Tufnol holders (for thin
films mostly in-plane magnetic measurement were carried out) which is then placed
between the pick-up coils by mounting it at the end of a non-magnetic rod. Liquid
nitrogen and liquid helium are used for temperature dependent measurements and also
to cool the magnet down. The sample is slowly moved (typically in 32 steps) inside the
detection coils within its working distance (≈4cm) while a magnetic field was applied.
The generated magnetic flux passing through the pick-up coils changes as the sample is
moved inducing a current within the coils via electromagnetic induction.
The pick-up coils are connected to the SQUID where the change in the magnetic
flux as a function of the sample position is detected since the SQUID voltage output is
strictly proportional to the current picked up by the coils. Therefore the raw data only
contains the sample position and the SQUID voltage. The best fit to the voltage-to-
position response is found using [148]
f(Z) = A+BZ+C(2[R2 + (Z +D)2]−3/2 − [R2 + (Λ + (Z +D)2)]−3/2
− [R2 + (−Λ +D)2]−3/2),
(3.12)
where f(Z) is the raw SQUID voltage at as a function of the position of the sample (Z).
The constants in this equation are R the longitudinal radius equal to 0.97 cm and Λ,
the longitudinal coil separation equal to 1.519 cm. The fit parameters A, B, C and D
are a constant offset voltage, a linear background, the magnitude of the dipole moment,
and the vertical shift of the sample, respectively.
The magnetic moment is then calculated from the amplitude of C. The voltage
dipole is then converted to the electromagnetic units (emu) by measuring a Pd sample with
known magnetic susceptibility and mass. Examples of the voltage-to-position response
are shown in the panel a and b of figure 3.18 alongside the fit using equation 3.12 with the
values of the fit shown in table 3.2. To fit the data from the magnetic thin films grown
on a diamagnetic substrate additional concern must be addressed especially when the
thin film signal is comparable to the diamagnetic signal produced by the substrate. The
automatic background subtraction option in a magnetic property measurement system
allows the point-by-point data subtraction to remove the contribution of the signal from
the substrate therefore generating the thin film response which is then fit by equation
3.12. The substrate must be measured using identical condition such as the location of
the sample mounting. Raw data should be collected from the substrate only. Then the
thin film grown on the substrate should be measured when care is taken to mount the
sample at the exact position. The raw data for both sets of data is converted to scaled
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Figure 3.18: Data representative of the standard background subtraction of the raw
SQUID data file for a) sample with magnetic response comparable to the diamagnetic
response from the substrate b) sample with magnetic response higher than that of the
diamagnetic response. All voltages shown are scaled. The squares are the response of the
sample. The triangles are previously recorded scaled voltage response of the diamagnetic
substrate (SrTiO3). The circles represent the point-by-point subtracted data. The lines
are the best computer generated fit using equation 3.12 which is then used to generate
the sample moment.
voltage response and by using the built-in background subtraction function in SQUID
they simply are subtracted point-by-point. In figure 3.18 there are 3 set of data shown.
The squares represent the measured scaled response voltage of the thin film sample;
the triangles represent the scaled voltage respond to previously collected data from the
substrate while the circles are the simply point-by-point subtracted data attributed to
the thin film only. The lines show the fit using the equation 3.12 to determine the value
of C, which is then divided by a correction factor of 0.9125 to give the thin film moment
in units of emu.
In panel a of figure 3.18, it can be seen that the diamagnetic response of the
Table 3.2: Typical values for the deposition parameters used in this thesis.
Parameters: Values
Figure 3.18-a Figure 3.18-b Units
A -9(1) ×10−5 -3.3(1) ×10−4 V
B 3(1) ×10−5 -2.7(9) ×10−5 V/cm
C 3.3(1) ×10−2 1.13(1) ×10−3 V
D 1.9(2) ×10−1 -0.34(7)×10−1 cm
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substrate has a signal response on the same order of magnitude as the thin film sample.
after point-by-point subtraction the shape of the response signal is not ideal therefore the
fit is not ideal and small changes in the positioning of the substrate during measurements
can alter the generated subtracted thin film response significantly. On the other hand in
the panel b of figure 3.18, it can be seen that the sample signal has a higher response
than that of the substrate, therefore the subtracted scaled voltage can be fit properly
with smaller errors on the values of A, B, D and specifically C (shown in table 3.2). If
the automatic fit is not good then the process can take place manually by choosing the
part of the signal with ideal shape and centring the signals manually.
A Quantum Design MPMS-XL was used which was able to apply magnetic
fields up to ±7 T. Typical measurements of magnetisation versus field (M-H) and the
field-cooling magnetisation versus temperature (M-T) were carried out. The important
values obtained from the hysteresis loops were the coercive field and the saturation
magnetisation (Msat). The second type of measurements, were zero field cooling (ZFC)
and field cooling (FC) M-T. The ZFC measurements were carried out when the sample
was cooled from room temperature to the minimum temperature before applying any
magnetic field. In FC, sample was cooled down while a field of 2 kOe was applied. Due
to variations in the nature of the magnetic ordering, different responses can be observed
for these two measurements.
3.3.6 Transport measurements
A Quantum Design Physical Property Measurement System (PPMS) was used to
measure the resistivity of samples using a standard four-point probe configuration over a
temperature range of 3 - 300 K. As is shown schematically in figure 3.19 four electric
contacts of silver wire were attached to the surface of the sample using silver epoxy. L is
the separation between the inner contacts where A is the cross-sectional area (thickness
I+V+I- V-
A
La) b)
I+
V+
I-
V-
Figure 3.19: A four-point probe technique sample contacts configuration a) schematic
configuration of the contacts b) a mounted sample on a PPMS holder. A is the sample
cross-section area and L is the separation length between the voltage probes.
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of the thin film). The resistivity ρ of the sample can be determined as
ρ = R
L
A
and R =
V
I
, (3.13)
where I is the measured current for the applied Voltage of V in the sample with thickness
of A and separation length of L between the voltage probes.
3.4 Summary
System set up for the Warwick UHV-PLD equipped with RHEED was introduced
and explained in detail. Analysis tools used during this work were explained in detail
and it is clear that in order to optimise the growth of functional oxides, the structural
techniques such as XRD and TEM should be used along with the surface characterisation
techniques such as AFM and XPS to verify the quality and stoichiometry of the thin
films. Furthermore, to probe the functionalities electrical measurement and magnetic
properties can be done by PPMS and SQUID, respectively. Experimental implication
arising for magnetic properties as a result of the nature of the samples being in a thin
film form was also explained with appropriate solutions.
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Chapter 4
LaMnO3 thin films on SrTiO3:
structure, magnetic and surface
properties
LaMnO3 thin films were grown on SrTiO3 (001) substrates using PLD. By varying
the growth temperature at two different regimes of oxygen pressure the ability to self
dope by acquiring an oxygen non-stoichiometry (cation deficiency) has been studied.
The structural, transport, and magnetic properties of LaMnO3 thin films have been
characterised to understand their intrinsic ground states originated by changing the
oxidisation environment during deposition.
4.1 Introduction
The perovskite LaMnO3 has recently attracted renewed attention as a building
block of multilayered heterostructures. In its bulk form LaMnO3 is an A-type antiferro-
magnetic insulator which can become a ferromagnetic metal by hole doping (substituting
La with alkali materials such as Ca or Sr) [23, 24, 25]. The magnetic properties can be
explained by the double exchange (DE) interaction between the Mn3+ and Mn4+ ions
[53]. The bulk insulating antiferromagnetic phase, however, appeared to exist only in a
very narrow oxygen content region reported by Hotta et al. [149] based on parameters
defined by the electron phonon coupling and the antiferromagnetic coupling. In the
parent compound, LaMnO3, the cation deficiency gives rise to self-doping of the system
without requiring synthesis of divalent ion substituted compounds creating mixed valence
of Mn3+ and Mn4+ [150].
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LaMnO3, similar to any perovskite structure, can accept vacancies on any of the
atomic sites, except it cannot incorporate interstitial ions. Thus, reported LaMnO3+δ
compounds are in reality cation deficient. It has been reported that any change in the
La:Mn ratio, induced by oxygen non-stoichiometry, leads to ferromagnetic behaviour in
LaMnO3 [151]. In point of fact, thin films of LaMnO3 on SrTiO3 are experimentally
reported to show ferromagnetic behaviour [152]. A new ferromagnetic orbital ordering
by modification of the relative strength of the competing exchange interactions was
suggested [153] due to the change in the lattice parameters induced by epitaxial strain
[154]. LaMnO3 is also an interesting material for manganite based heterostructures where
epitaxial strain or electron coupling can lead to charge reconstruction (i.e. LaMnO3-
SrMnO3 [155, 156], LaMnO3-SrTiO3 [108]) and recently reported LaNiO3-LaMnO3
superlattices [66]. It is necessary to study the effect of stoichiometry, defects or strain
on LaMnO3 films to be able to distinguish between the arising physical properties from
the interfacial effects and growth-related effects. The main challenge, in fact, remains
the difficulty in controlling and examining the oxygen content in thin films. Choi et al.
[157] reported that the insulating antiferromagnetic phase of LaMnO3 can be recovered
by post-growth annealing. However, post annealing is not applicable when growing
superlattice systems.
This chapter presents growth of LaMnO3 thin film, where the oxygen content
was varied during deposition by changing the growth temperature (Tg) at two different
regimes of oxygen partial pressure (pO2). Unfortunately the oxygen content cannot be
measured in thin films, such that the value of δ remains unidentified in these films.
However the oxygen content can be altered during deposition by knowing that more
oxygen can be absorbed at lower Tg and also at higher pO2 . The physical properties
originated by changing the oxidisation environment during deposition are investigated
and discussed.
4.2 Crystal and magnetic structure of LaMnO3
Bulk crystalline LaMnO3 compound has a crystal structure proved to be isostruc-
tural with GdFeO3 which is a distorted orthorhombic perovskite structure. This structure
is composed of a 3D network of corner-connected MnO6 octahedra where a Mn ion is in
the middle of the octahedron. 8 octahedra next to each other form a cube with the La
atom in the middle surrounded by 12 oxygen ions. If the ionic radius of A-site cation
(La) is smaller than the cavity made by the oxygen atoms, the volume can be reduced
by rotation of the octahedra with respect to each other and hence the bond lengths with
oxygen become inequivalent. The lattice parameter of LaMnO3 is almost cubic, which
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makes the structure refinement arduous.
The space group Pnma was first reported for LaMnO3 by Elemans et al. [159]
with lattice parameters of a= 5.655 A˚, b= 7.722 A˚, c= 5.528 A˚ [160]. The distorted
orthorhombic structure contains a pseudocubic perovskite structure with lattice parameter
of a ∼ √2apc, b ∼ 2apc and c ∼
√
2apc where apc is the lattice parameter of the
pseudocubic. Evidently in LaMnO3 with space group Pnma, the spin ordering consisted
of ferromagnetic ac planes with spins in adjacent planes coupled antiferromagnetically
[161]. The antiferromagnetism in bulk LaMnO3 is explicitly related to the 3d shell of
the Mn atom and the Jahn-Teller effect. According to the Jahn-Teller theorem [162]
electrons are no longer degenerate in the electronic configuration 3d4 in an octahedral
crystal field leading to a locally distorted octahedral coordination. As a result of lifting
the degeneracy, a splitting in energy levels t2g and eg occurs such that the lone electron
in the eg orbital is in the lower energy state occupying the z
2-like eg orbitals in the ac
plane of the crystal [161]. An in-plane checkerboard-type pattern is formed since the
z2 orbitals are parallel to a + c and a − c vectors alternatingly. The proposed orbital
ordering results in alternating short and long Mn-O bond lengths with orbitals being
perpendicular and parallel to them respectively [52, 159]. Figure 4.1 shows the A-type
antiferromagnetic bond and orbital ordering in the bulk stoichiometric LaMnO3 lattice. In
this schematic electron-spin configuration, Mn ion has an empty orbital pointing towards
a
b
c
Mn³⁺
Mn³⁺
Mn³⁺
Mn³⁺
Mn³⁺
Mn³⁺
Mn³⁺
Mn³⁺ Mn³⁺
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Ferromagnetic
a) b)
O²⁻
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Figure 4.1: a) A-type antiferromagnetic lattice of LaMnO3. Spins are aligned with
ferromagnetic coupling in the ac plane and antiferromagnetic coupling of planes along b.
Electron-spin configurations, in this schematic, are shown in the middle. Mn ion has an
empty orbital pointing towards the O−2 2p orbital if it is connected with a line. Figure
adapted from [52]. b) Orbital ordering stabilised due to the structural distortions in
LaMnO3. The Jahn-Teller distortions lead to alternating long and short Mn-O bond
lengths in the ac basal plane of LaMnO3, with intermediate bonds along the b-axis (figure
from [158].
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Figure 4.2: a) Cubic perovskite structure without distortion symmetry Pm3m. b)
A distorted orthorhombic Pbnm LaMnO3 structure with the Jahn-Teller cooperative
distortion. In this schematic, the ionic radius is shown.
the O−2 2p orbital if it is connected with a line. Checkerboard pattern orbital ordering
as a result of the Jahn-Teller distortions is shown figure 4.1-b. When LaMnO3 is grown
on SrTiO3 (001), a cell deformation occurs as a result of the compressive epitaxial strain
leading to an elongation in the out-of-plane direction.
The space group Pbnm is preferably used over Pnma in physics community.
This is more convenient since the b-axis is the quantisation axis in LaMnO3 and also
the doubled axis. The transformation is such that a, b, and c axis in Pnma become b,
c and a in Pbnm [163]. The LaMnO3 structural refinement in the space group Pbnm
yields lattice parameters a ∼ √2apc, b ∼
√
2apc and c ∼ 2apc. An undistorted ideal
perovskite structure is shown as well as the orthorhombic LaMnO3 Pbnm (yellow line)
in figure 4.2. The pseudocubic perovskite subcell is highlighted with blue line in both
panels a and b.
4.2.1 Stoichiometry ambiguities
Self-doping can rapidly change the magnetic and electronic properties of LaMnO3
compounds due to the La:Mn unbalancing and/or oxygen non-stoichiometry. Conse-
quently, it is important to discuss how oxidation of Mn ion is influenced by the La:Mn
ratio and/or the oxygen content of the film. In a work by Wolcyrz et al. [164], 3 powder
samples with the La:Mn ratios (La:Mn=r) of r < 1, r = 1, and r > 1 were studied where
the stoichiometry and valance state of the Mn ions are refined by neutron diffraction and
iodometric titration. Their work can be summarised as follows for these 3 cases. The
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average valence of the Mn x is given by:
(1) r < 1 La3+r Mn
x+O2−3 → 3r + x− 6 = 0→ x = 6− 3r, (4.1a)
(2) r = 1 La3+Mn3+O2−3 , (4.1b)
(3) r > 1 La3+Mnx+1/rO
2−
3 → 3 + x/r − 6 = 0→ x = 3r. (4.1c)
In situation (1), La vacancies are present and all other sites are occupied (i.e. Mn
and O), and thus, to conserve the charge neutrality Mn3+ is partially oxidised to Mn4+.
According to (1), the amount of Mn4+ ions is 3 times that of the La vacancies. Ref.
[164] reported a substitution of La sites with Mn ions for the sample with r = 0.91. They
suggested that the oxygen sites were fully occupied as a result of a high temperature
annealing (1270 K), whereas 16% of A-site La vacancies were occupied with B-site Mn
cations allowing a reduction in the Mn valence.
Situation (2) suggests that the Mn valence in the stoichiometric LaMnO3 should
be equal to 3+. However, the Mn valence of 3.5 was reported in ref. [164] which was
related to the presence of oxygen excess. In a closed-packed crystallographic system
such as perovskite structure, accommodating an oxygen excess as oxygen interstitial
is very difficult since all the possible interstitial sites (tetrahedral and octahedral) are
surrounded by positively charged La ions and negatively charged Oxygen ions [165].
An oxygen excess is thus possible only through the formation of simultaneous A-site
and B-site cation vacancies (i.e. Shottkey defects) [166, 167]. Such a composition is
typically shown by LaMnO3+δ that can be better expressed as La(1−)Mn(1−)O3 with
 = δ/(3 + δ) [168], or
La3+Mn3+1−2δMn
4+
2δ O3+δ = (La
3+
1−[])(Mn
3+
1−7Mn
4+
6 [])O
2−
3 . (4.2)
where the fraction of Mn4+ over the total is 6/(1− ) leading to 1/3 Mn4+ for  values
as small as 0.05 [169]. This explains the observed high valence of Mn suggesting that
50% of Mn3+ is converted to Mn4+ in the sample in ref. [164]. When r > 1 (situation
3 in 4.1), only Mn vacancies are present if other site are fully occupied. Ref. [164] found
that the sample with r = 1.1 contains some oxygen excess after annealing at 1070 K
equal to 62% of the Mn deficiencies. It is unlikely that La occupies the Mn site since
the MnO6 octahedra cannot accommodate La with its large ionic radius. The valence of
Mn increases when sample contains oxygen excess such
La3+Mnx+1/rO
2−
3+δ → 3 + x/r − 6− 2δ = 0→ x = 3r + 2δ (4.3)
where δ is the oxygen excess more likely resulted from simultaneous La and Mn vacan-
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cies [164]. Whilst the oxygen stoichiometry for LaMnO3+δ (oxygen excess case) has
been investigated by many groups, the oxygen deficient LaMnO3−δ compound has been
less explored [170, 171]. It has been reported that LaMnO3 can accommodate oxygen
vacancies that is common to many transition metal oxides leading to a substoichiometric
oxygen content of LaMnO3−δ up to δ ≤ 0.25 [170, 172]. The charge distribution in this
compound is shown by
La3+Mn3+1−2δMn
2+
2δ O3−δ (4.4)
where δ corresponds to oxygen vacancies resulting in a lower oxidisation state of the Mn
valence. In the discussion above, changes in the physical properties of LaMnO3 compounds
were associated with the oxygen non-stoichiometry leading to cation deficiencies, whereas
in thin films, observed experimental results cannot be only related to the nonstoichiometry
since epitaxial strain affects the crystal lattice that is closely related to the electronic
properties in these strongly correlated compounds.
4.2.2 Thin film versus bulk
Ferromagnetic behaviour has been reported for thin films of LaMnO3 on SrTiO3
by several groups [35, 150, 152, 169, 173]. This was explained by the modification of
the relative strength of the competing exchange interactions as a result of the change in
the lattice parameters, which was induced by epitaxial strain [154]. The ferromagnetic
behaviour is mediated by the DE interactions between Mn3+ and Mn4+ ions [150]. An
increase in the Curie temperature was reported by Gupta et al. [150] for PLD-grown
thin films from 115 K for LaMnO3 to 240 K for La0.75MnO3. The limit of self doping
in LaMnO3 thin film is reported to be higher than that of the bulk. Joy et al. [174]
reported a limit of r = 0.875 for self doping of the sintered powder samples annealed
at 1200 ◦C. They reported the formation of Mn3O4 impurities for samples with lower
La:Mn ratio r lower than 0.875 when annealed above 1000 ◦C. Clearly the doping limit is
affected by the epitaxial stabilisation and hence a larger number of vacancies are allowed
within the perovskite structure. Further increase of the TC was achieved by annealing
the films at 850 ◦C after the deposition i.e. TC=300 K for the La0.75MnO3 sample.
An interesting behaviour was reported for La:Mn ratio larger than one, where
TC was rapidly reduced regardless of a similar number of the Mn
4+ ions in the samples
[175]. Mn deficiency in the samples of r > 1 results into an increase in the number of
Mn4+ ions, however simultaneously a number of Mn-O-Mn bonds are broken therefore
the strength of the DE interactions is reduced [175]. Reduction in oxygen in general
decreases the strength of any type of magnetic interactions due to the reduction in
the total number of Mn-O-Mn bonds. Epitaxial strain may allow further substitution
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Figure 4.3: a) DE interaction between the Mn3+-Mn4+ states in conventional manganites
b) possible direct hopping between Mn2+ and Mn3+ in the A-site Mn2+ substituted
manganites via intervening Mn2+ ion and c) suggested multiple DE hopping mechanisms
between Mn2+, Mn3+ and Mn4+ ions (figure taken from [26]).
of the Mn ion at the A-site cations and stabilisation of structures with lower r [176].
It was shown in the La deficient LaxMnO3−δ thin films grown by MBE that partial
substitution of the Mn ions at the A-site (La site) is actually possible. Multiple exchange
interactions were suggested mediated by Mn2+ ion at the La site contributing in the
transport mechanisms [26]. Figure 4.3 compares the possible hopping mechanisms for a)
conventional manganites and b) a direct hopping path promoted by smaller tolerance
factor as a result of A-site Mn substitution and c) a new multiple DE mechanism. Another
aspect of epitaxial strain in manganite thin films is the effect of substrate like SrTiO3
that is also a TMO. One of the controversial interface effects seen in thin film manganite
is the change in the magnetic properties of La2/3Ca1/3MnO3 and La2/3Sr1/3MnO3 near
the interface of a SrTiO3 substrate. This adverse effect has been subjected to many
interpretations due to the technological importance of these compounds in spin injectors
or spin valves [177, 178]. Among these popular explanations are chemical/ electronic
phase separation related to the interface induced structural inhomogeneities [179, 180],
substrate homogeneous strain, and orbital reconstruction of the eg electrons causing
C-type antiferromagnetism [181]. Lepetit et al. [177] proposed a model explaining that
microscopic mechanisms are controlling the interactions of epitaxially grown manganites
at the interface near SrTiO3 substrates. A summary of their model is as follows. (1) It is
known that in epitaxial growth, the substrate affects the in-plane lattice parameter of the
film so it matches that of the substrate (a, bfilm = a, bsubstrate). Because this constraint
is related to the bond elongation, it is associated with one of the strongest vibrational
modes [182], and hence, relaxes gradually as the thickness increases (100 nm ∼250 u.c.
on SrTiO3 substrate [179]). (2) Imposed symmetry by SrTiO3 impacts the in-plane
symmetry of the film. This constraint is governing the bond angles and is associated
with the relatively weak vibrational modes in manganites, in particular the ones with the
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lowest frequencies such as octahedra tilting. It thus can be expected to relax after a
few u.c. of the film. (3) The transition metal of the substrate interacts at the interface
with that of the film affecting the electronic properties of the interface giving rise to
possible charge delocalisation. This implies that within the first few monolayers (6
to 8 ML) the exchange interactions are modified due to an elongation of the c-axis
lattice parameter, favouring the z2 type orbitals and hence reducing the double exchange
interactions that are more dominant for in-plane d orbital (dx2−y2). The transport and
TC of the film is therefore reduced leading to a so-called ’dead layer’. An unexpected
exchange bias effect (EB) was also reported in a single film of (La,Sr)MnO3 as a result
a large epitaxial strain [183]. The exchange coupling was reported to be between the
spin-glass LaSrMnO4 layer formed at the interface and the ferromagnetic LaSrMnO3
film. Very recently, an unexpected EB effect was observed in the single layer of oxygen
deficient LaMnO3 films [184] due to the vertical electronic phase separation. The EB
was attributed to the exchange coupling between antiferromagnetic LaMnO3 in the
furthest part and ferromagnetic LaMnO3−δ in the upper part of the film where the DE
interactions were mediated via Mn2+ and Mn3+ ions.
Until now stoichiometry has been discussed in terms of the ratio of La:Mn. In this
study XPS was used to identify the cation ratio and all films were found to be La deficient
at the surface (composition analysis were performed on the ex-situ spectra). However,
XPS is a surface technique and only gives information about the composition of the
top few monolayers therefore the true compositions of the whole films are unknown and
these result cannot be compared with the literature based on the La:Mn ratio. However
the deposition conditions used in PLD is compared with the reports on LaMnO3 films
grown by PLD. XPS results were used to understand the magnetic nature of the top
most layer in LaMnO3 films in this study.
4.3 Growth conditions
LaMnO3 epitaxial thin films were deposited on single crystal SrTiO3 (001)
substrates by PLD using the methodology explained in detail in section 3.2. The target
was a sintered pellet of stoichiometric LaMnO3 which was fabricated commercially.
Typical deposition parameters for growth of LaMnO3 are summarised in table 4.1. The
number of pulses was kept constant at 4000. Thin films were deposited under two different
pO2 of 1×10−2 mbar and 1×10−4 mbar, while the substrate temperature was increased
from 600 to 750 ◦C. The growth was monitored by observing the RHEED specular
spot. All the films were cooled at a rate of 20 ◦C/min to room temperature under the
deposition pressure. θ-2θ XRD scans were recorded using a Panalytical X’Pert PRO MRD
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Table 4.1: Deposition parameters used for growth of LaMnO3.
Deposition parameters: Typical values
Compounds LaMnO3
Background gas O2
Background gas pressure (mbar) 0.01-0.0001
Growth temperature (Tg) (
◦C) 600-750
Spot size (mm2) 2.16
Shape of spot rectangular
Target type sintered pellet
Laser fluence (J/cm2) 1.5-2
instrument. The structural properties of the films change significantly when increasing
the Tg. Film thickness has been kept constant at about 70 nm for the films based on the
RHEED oscillations. ZFC and FC temperature dependent magnetisation (M(T)) were
measured by SQUID. All magnetic data were corrected for the signal from the substrate.
Transport properties of the film at different temperatures were characterised using a
conventional four-point probe technique (PPMS). Surface composition and chemical
state was probed by an in-situ Mg-source non-monochromated XPS as well as an ex-situ
Al-source monochromated XPS.
4.4 Structural properties: the role of oxygen content
LaMnO3 thin films were deposited by PLD, a technique that easily allows changing
the oxygen content of the film by varying the oxygen background pressure and/or the
growth temperature (i.e. the substrate temperature). Stoichiometric LaMnO3 has an
orthorhombic lattice structure and would experience compressive strain if grown on
SrTiO3. However, this is not the case for non-stoichiometric LaMnO3 possessing R3¯C
symmetry with pseudocubic lattice of about 3.90 A˚ (for 0.9< r <1 La deficient LaMnO3)
[164]. Therefore the strain effect on the non-stoichiometric LaMnO3 is negligible. To
study the effect of reducing the oxygen content on the structural properties of LaMnO3
films, XRD θ-2θ scans were measured and are shown in figure 4.4 converted to reciprocal
lattice units (r.l.u.) relative to the lattice unit of SrTiO3. A clear (002) LaMnO3 peak
indicates that the films are of high crystallinity, however they seem relatively weak as a
shoulder of the prominent substrate SrTiO3 (002) reflection. Remarkably, under both
pressures, the (002) reflections in figure 4.4-a and b shift towards lower angles as Tg
increases from 600 to 750 ◦C. An increase in the out-of-plane lattice constant can be
observed in both pressure regimes when the deposition temperature increases. This
shift is indicative of an increase in lattice constant which has been plotted against Tg
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in figure 4.5-a. The c-axis values were determined by fitting the film peak by a Voigt
function. Figure 4.5-b shows an example of fitted data for the film grown in 10−4 mbar
and Tg=750
◦C. The error bars are calculated from the standard error of the fitted data
(main peak position xc). When the (002) peak of the film was close to the SrTiO3 (002)
reflection, the substrate peak was fitted first with a Pseudo-Voigt function then the film
peak was fitted considering the substrate contribution.
Figure 4.5-a shows that, the c-axis lattice parameter increases continuously when
reducing the oxygen content of the films. Films grown in 1×10−4 mbar oxygen partial
pressure (pO2) show an increase in out-of-plane lattice parameter compared to that of
those deposited in 1×10−2 mbar pO2 at the same temperature. The change in lattice
parameter can be an indication of the valence state of the Mn ion which is strongly
related to the oxidation state (i.e. oxygen vacancies). An exchange of larger ion Mn2+
to Mn3+ and then to smaller Mn4+ is suggested as a possible explanation of the c-axis
lattice parameter dependence on oxygen content (Mn2+= 0.83 A˚, Mn3+= 0.65 A˚ and
Mn4+= 0.53 A˚ [185]). Similar expansion of the out-of-plane lattice has previously been
reported for LaMnO3 thin films [35, 184, 186].
Reciprocal space mapping around the SrTiO3 (114) reflection was performed to
quantify in-plane strain for the LaMnO3 film grown at 750
◦C and under 10−4 mbar
oxygen pressure. This scan is depicted in panel c of figure 4.5. The data show that
the film was coherently strained to the substrate since both the substrate peak and the
film peak are matched in Q parallel, and thus share the same in-plane lattice parameter
which is 3.905 A˚ for SrTiO3. Considering this the volume of the film is related directly
to the c-axis lattice parameter. It can be argued that the film with the highest oxygen
content has the smallest volume (LaMnO3+δ), which has a mixture of Mn
4+ and Mn3+.
Raising the deposition temperature, the oxygen content is reduced in the film, preventing
the formation of Mn4+ ions. By further reducing the oxygen content (increasing the
deposition temperature or reducing oxygen pressure) near oxygen stoichiometric LaMnO3
can be synthesised. Under low oxygen pressures and high substrate temperatures there
is a possibility that LaMnO3−δ forms in which case, films show oxygen vacancies and
thus the formation of Mn2+. This scenario requires further experiments such as X-ray
absorption spectroscopy to find a foot print of Mn2+ in Mn L3 and L2 or O K absorption
edges [173]. The shift in the L3 peak towards lower energies indicates, that the Mn
ion has lower oxidisation states when decreasing the pO2 [184]. The mixture of Mn
3+
and Mn4+ gives rise to DE interactions that favours metallic conductivity, whereas
stoichiometric LaMnO3 is an antiferromagnetic insulator. Thus, the oxygen content
in the film can be examined directly from resistivity measurements: a better oxygen
stoichiometry is expected for films that are insulating.
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Figure 4.4: An expanded view of XRD patterns along (00L) scan around the (002) peak
of LaMnO3 films (≈70 nm thick) on SrTiO3 substrate. Thin films were grown under
a) 1×10−2 mbar and b) 1×10−4 mbar background pressure at substrate temperature
ranging from 600 to 750 ◦C. x-axis is in the reciprocal lattice units (r.l.u.) of SrTiO3.
4.5 Transport properties
Zero field resistivity as a function of temperature was measured for all films (range
10 to 300 K). The results are displayed in figure 4.6. The data are only shown for the
film grown under high oxygen pressure and the film grown at 600 ◦C under 10−4 mbar
pressure. The rest of the films grown in low oxygen pressure (10−4 mbar) were highly
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Figure 4.5: a) Variation of c-axis lattice parameter versus Tg. The data is shown for the
both oxygen regimes of pO2 . b) As an example the methodology to calculate the c-axis
value is shown for the film grown at 750 ◦C in 10−4 mba. Data was fitted by a Voigt
function only for the film peak. xc is the peak position and using its standard error, the
error bars for the c-axis were determined to be 0.005 A˚ c) RSM map (114) of LaMnO3
film grown at 750 ◦C in 10−4 mbar, showing that LaMnO3 film is matched in-plane to
the SrTiO3 substrate.
insulating and their resistivity was out of the range that could be measured by the PPMS
used in this work. With the exception of the films grown at 600 and 650 ◦C under
high oxygen pressure, which display a resistivity maximum like that of a metal-insulator
transition at TIMT ' 201 ◦C, the rest of the films show an activated semiconducting
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Figure 4.6: Temperature dependence of zero field resistivity of LaMnO3 thin films with
varying Tg. A metalinsulator transition (IMT) temperature is shown by the bold arrow
in the T=600 ◦C plot. Appreciable IMT was only found for the film grown at 600 ◦C
and 10−2 mbar. The other films grown in low oxygen pressure (10−4 mbar) were highly
insulating and therefore are not displayed in this figure.
type behaviour over the whole temperature range measured, in agreement with previous
studies [35, 157, 187]. The TIMT is shown by a bold arrow in figure 4.6.
Displaying a resistivity maximum has been previously observed for lanthanum
deficient thin films [150, 188]. Furthermore, the resistivity maximum shifts towards lower
temperature and its magnitude increases when the growth temperature increases until it
disappears for the film grown at 700 ◦C and 10−2 mbar. It was observed in XRD data that
the films grown at higher temperatures showed a larger c-axis lattice parameter which
can be an indication that, when the oxygen content decreases by increasing the Tg, the
number of cation vacancies also decreases (i.e. fewer Lanthanum vacancies). Reduction
in the Lanthanum deficiency results in a decrease of the Mn4+ concentration, causing an
increase in the resistivity. Such behaviour has also been observed for La1−xCaxMnO3
compounds [189].
Figure 4.6 indicates that unlike typical IMT the resistivity has an upturn at lower
temperature ('140 K) and again shows insulating behaviour. Similar behaviour was
reported in LaMnO3 thin films grown by PLD [35, 150] and also dc magnetron sputtering
[188]. Chen et al. explained the upturn as a result of charge/orbital ordering (COO)
when the ferromagnetic metallic state goes under a transition to COO. It has been
suggested that the upturn is an alternative charge and orbital ordering that changes
the ferromagnetic metallic phase (c/a < 1) into another structural phase that is a
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ferromagnetic insulator [190, 191]. In this sense, upon cooling, LaMnO3 films undergo
a paramagnetic to ferromagnetic metallic state transition at TIMT and then at low
temperatures to a COO phase at TCOO [188, 192]. The drop in resistivity can be
explained by its correlation with the ferromagnetic transition and should correspond to a
higher TC . In order to verify this correlation, magnetic measurements were obtained.
4.6 Magnetic properties
Magnetisation as a function of temperature with a 2 kOe magnetic field applied
along the a-axis is shown in figure 4.7-a and b for a set of films grown in high and
low oxygen background pressure when varying the Tg. Figure 4.7-c and d display the
hysteresis loops measured at 10 K. Form the hysteresis loops, the values for the saturated
magnetic moment of the Mn ion were obtained and plotted against Tg for the both
oxygen regimes in figure 4.8.
The saturated magnetic moment of 3.3(1) and 3.3(1) µB/Mn were found for
the Tg=600 and 650
◦C samples respectively. These values can be compared with
µ=0.16 µB/Mn for pure stoichiometric LaMnO3, 3.8 µB/Mn in ferromagnetic insulating
compounds and finally to 4 µB/Mn for Mn
3+ [169]. Similar values are reported in
the literature for LaMnO3 with characteristic ferromagnetic-like behaviour [157, 187].
It can be seen in both panels a and b of figure 4.7 that, the initial steepness of the
temperature dependence decreases as the Tg increases in both oxygen regions. The
M(T) curve of the film grown at the lowest temperature and highest oxygen background,
(Tg=600
◦C and pO2=10−2 mbar) rises sharply as the temperature falls below about
200 K. In contrast, the magnetisation of the film grown in lower pO2 (10
−2 mbar) and
highest Tg (750
◦C) exhibits a weak dependence on the temperature reduction with
significantly reduced saturated magnetisation of about 0.3 µB/Mn. It is clear from figure
4.8-b and c that a similar trend is observed for the remanent magnetisation. However the
coercivity increases suddenly for the sample grown at Tg=650
◦C and pO2=10−4 mbar.
For samples Tg=700 and 750
◦C in the both oxygen regimes an anomaly arises at low
temperature (∼45 K) which can also be seen in the -dM/d(T) data as a relatively weak
peak in figure 4.9. This low temperature transition is attributed to Mn3O4 impurities
[187] that can be the case in these films as a result of the high growth temperature.
Another possible explanation of this transition was suggested by Galdi et al. [173] due
to the existence of Mn2+ that only can be magnetised at low temperatures.
The transition temperature was defined where -dM/dT (figure 4.9) was a max-
imum. The M(T) was measured when a field of 2 kOe was applied parallel to the
substrate and hence, this transition temperature is not the true critical temperature
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Figure 4.7: a) and b) Magnetisation as a function of temperature when a 2 kOe magnetic
field applied upon cooling along the a-axis for pO2=10
−2 mbar and 10−4 mbar respectively.
The magnetic moment is shown after the subtraction of the background contributed
from the substrate. Left panels (c) and (d) Hysteresis cycle M(H) at 10 K for LaMnO3
thin films when changing the Tg for pO2=10
−2 mbar and 10−4 mbar respectively.
(i.e. TC). Transition temperature is by nature a critical transition, and hence it is
required that M(T) be measured in H=0 T. In order to precisely and meaningfully find
the critical temperature in these samples, new sets of experiments are required so that
hysteresis should be measured at different temperatures then the remnant magnetisation
would be extracted from the M(H) for each temperature. For thin films where the spin
interaction varies across the sample, this is even truer if M is measured in H∼0. The
transition temperature defined from -dM/dT curves is the best estimate considering
the measurement condition and is plotted in figure 4.10-a. Magnetic results confirm
that the sample that showed a TIMT in resistivity measurements corresponds to the
highest TC observed. It is clear from figure 4.10-a that the transition temperature drops
when Tg increases for the films grown under high pO2 (10
−2 mbar). The trend is not
continuous when Tg reaches 700
◦C for the films grown under low pO2 (10−4 mbar).
Cation deficient thin films of LaMnO3 exhibit ferromagnetic properties when the Curie
temperature is directly correlated to the delocalisation of eg orbitals of the manganese ion
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Figure 4.8: a) Saturation magnetisation (Msat, b) coercivity and c) residual magnetisation
(M res) as a function of Tg for both pO2 . These values were obtained by the remanent
magnetisation and saturation values of the hysteresis loops of LaMnO3 films measured
at 10 K.
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Figure 4.9: -dM/dT versus temperature for the films grown at Tg of 600 to 750
◦C for
the both pO2 regimes. Critical transition temperature was identified by fitting the curve
and obtaining the peak position. At low temperature ∼45 K there is an anomaly for
sample gown above 700 ◦C in both oxygen backgrounds.
(Mn3+ or Mn4+). By changing the geometry in which the Mn ion locates, for example,
changing the deposition condition, one of the two eg orbitals (dx2−y2 or d3z2−r2) can be
selected [153]. If the Jahn-Teller Mn3+ ion is in an environment that the energy of the
dx2−y2 orbitals is lower, the in-plane double exchange will be very strong giving a high
transition temperature. In contrast, when the d3z2−r2 orbitals are stabilised, the double
exchange will be weak in-plane and has to take place along c-axis. In such a 2D system
i.e. thin film, only in-plane interactions are considered and affect the orbital ordering
and thus the associated transition temperature [153]. In accordance with this argument
stabilisation of the dx2−y2 over d3z2−r2 can enhance the magnetic transition temperature
and also decrease the tilting of the MnO6 octahedra that exists in the bulk crystal.
The prevention of the octahedra tilt increases the effective exchange integral within
the dx2−y2 in-plane orbitals. In double exchange interactions the Curie temperature
is related to the in-plane effective exchange integral between adjacent Mn ions which
scales as J ∼ t2pd ∼ S2pd where t2pd is the transfer integral of O2p-Mn3d and S2pd is
their overlap. The tilting of the octahedra decreases the overlap between the bridging
orbitals of the O2p and the in-plane Mn d orbitals (dx2−y2) therefore decreasese the
Curie temperature [153, 193]. This scenario is explained schematically in figure 4.10-b.
Thus, the thin film grown at Tg=600
◦C and pO2=10−2 mbar is the only sample with
c/a < 1, therefore the dx2−y2 orbital occupation should be favoured resulting in the high
TC observed. Furthermore, TC is expected to decrease as a result of elongation of the
unit cell, which is in agreement with the data, before growth temperature reaches 700 ◦C
at pO2=10
−4 mbar. The observed anomalies in the M(T) data at low temperature
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Figure 4.10: a) Transition temperature defined from -dM/dT curves versus Tg. The red
circles indicate the TIMT measured from the temperature dependent resistivity data. b)
Schematic illustration of orbital ordering due to c-axis lattice elongation and reduction in
a 2D system. While c < a is promoting the stabilisation of dx2−y2 orbitals, in contrary
c > a stabilises the z2-like orbitals (taken from [153]). b) The tetragonal distortion in
LaMnO3 films are plotted versus growth temperature for both oxygen pressures.
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Figure 4.11: Field cooled and zero field cooled magnetisation M(T) in H = 2kOe for
LaMnO3 thin films deposited at a) 700
◦C b) 750 ◦C. Arrows show warming vs. cooling
curves. The hysteresis loops of the sample grown at high temperature c) 700 ◦C and
d)750 ◦C shows a shift of the cycle along the magnetic field axis towards negative fields
when cooling from room temperature in +4 T field (black line). In contrast when cooling
from room temperature in the presence of a -4 T field the hysteresis was biased towards
the positive direction (orange line). HEB is defined as |(H− +H+)|/2, where H− and
H+ are the positive and negative coercive field respectively (encircled by red lines in
panel c).
(∼45 K) can arise from magnetic anisotropy that can result in differences between ZFC
and FC measurements.
Figure 4.11-a and b illustrate the temperature dependence of magnetisation
on the two selected films measured by SQUID, obtained both by FC in a magnetic
field of H=2 kOe oriented parallel to the film plane and by ZFC, applying the same
external field at low temperature (T=5 K) and measuring upon heating. There is a
clear difference between the two curves typically seen in very lightly doped manganites,
as a result of the presence of localised Mn4+ giving rise to ferromagnetic contributions
surrounded by a canted antiferromagnetic bulk-type LaMnO3 [168]. For the film grown
at 700 ◦C and pO2=10−4 mbar, the two curves merge upon heating at a transition
temperature (TN=140 K) where no ordered moment is present in the antiferromagnetic
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background or at localised ferromagnetic Mn4+ sites [169]. The measured Msat at
5 K is 0.8(1) µB/Mn obtained from FC. This value is higher than that of the pure
antiferromagnetic LaMnO3. By comparing the value of Msat with the phase diagram
provided in Ref. [168] the films properties matches the magnetically heterogeneous,
spin-glass like insulators. Similar behaviour in M(T) is observed for the LaMnO3 films
grown at 750 ◦C and pO2=10−4 mbar. The difference is lower Msat=0.23 µB/Mn for
FC and 0.01 µB/Mn for ZFC. The decrease of oxygen background results in a reduction
in the number of Mn-O bonds therefore decreasing the total magnetic moment. TN is
140(3) K for both samples. The broad range of magnetic transition observed in LaMnO3
thin films can be as a consequence of magnetic frustration occurring near the grain
boundary regions leading to a glassy-like state [194]. The unusual magnetic behaviour
observed for the films grown at 700 and 750 ◦C in pO2=10−4 mbar, can be an indication
of intrinsically inhomogeneous magnetic states leading to local transitions. There is an
important question concerning the origin behind such magnetic inhomogeneity. This can
be attributed to the formation of antiferromagnetic correlations with the ferromagnetic
phases. Considering the ground state antiferromagnetism in stoichiometric LaMnO3,
there is possibility to see AFM interaction even in the oxygen rich thin films. It can
be concluded that the unusual magnetic behaviour seen in LaMnO3 films grown at
Tg 700 and 750
◦C at pO2=10−4 mbar appeared as a result of such antiferromagnetic
correlations developing in the ferromagnetic phase.
Panel (c) and (d) in figure 4.11 show the hysteresis loops when the field was
applied along the film plane at 5 K of the LaMnO3 films grown at Tg 700 and 750
◦C
at pO2=10
−4 mbar respectively. The hysteresis loops of the sample grown at high
temperature (700 ◦C) shows a shift of the cycle along the magnetic field axis towards
negative fields when cooling from room temperature in +4 T field (figure 4.11-c). In
contrast when cooling from room temperature in the presence of a -4 T field the hysteresis
was biased towards the positive direction. HEB is defined as |(H− +H+)|/2, where H−
and H+ are the positive and negative coercive field respectively. Coercivity was defined
by (H− −H+)/2 [195]. As figure 4.11-c displays, an asymmetry can be seen for the
highlighted H− and H+. This behaviour shows the surprising exchange bias in the single
layer of LaMnO3 thin films at low temperatures with biased field of 90(3) Oe. This
value was defined as the absolute offset of the hysteresis cycle along the field axis. The
EB was also seen for the samples grown at a higher temperature of 750 ◦C. The EB
was reproducible and seen repeatedly for LaMnO3 films grown under similar conditions.
Moreover the positively biased loop when negative field was applied during cooling is
strong evidence for the presence of EB [196]. The EB effect is indicative of exchange
coupling between the phases with different spin orders. Similar results have recently been
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reported that showed an EB effect in a single layer of LaMnO3−δ [184]. In this report,
X-ray absorption spectroscopy found a finger print of Mn2+ in addition to Mn3+ ions.
The EB effect was not recognised as a spin-glass-based EB but as a result of a vertical
electronic phase separation. It was deduced that the surface region (the upper layer)
has a higher concentration of the Mn2+ leading to DE ferromagnetism whilst the lower
part exhibits a bulk-type SE antiferromagnetism with more Mn3+ ions present. In order
to know the origin of the EB observed in this work and to distinguish whether it is due
to a glassy-like system or vertical phase separation, temperature dependent hysteresis
loops and field-dependent FC-ZFC measurement should be performed. The temperature
in which the EB and coercivity vanish (the blocking temperature) is characteristic of
the origin of exchange coupling. Thickness-dependent hysteresis can also identify if the
vertical separation occurs in these films. If the surface of these films are oxygen deficient
and Mn2+ is present, examining the chemical state of the surface by XPS can aid to
further exploit this phenomena.
4.7 Surface properties: the key role of deposition conditions
XPS measurements were performed using an ex-situ monochromated Al source
XPS and an in-situ non-monochromated Mg source XPS. The thin film grown at
Tg=700
◦C and pO2=10−4 mbar was examined by both of the in-situ and ex-situ XPS
instruments. The full range spectra are shown for both in figure 4.12 to compare the
surface state and effect of exposure to air. The peak position for C 1s is marked in panel
a to see that the as-grown film is contaminant free compared with the ex-situ spectra.
Figure 4.12-b, c and d compares the in-situ and ex-situ data for the manganese and
oxygen peaks and the difference between them. No significant variation was observed in
the Mn 2p spectra. The O 2p data taken ex-situ shows a larger shoulder at a higher
binding energy compared with the in-situ peak (the FWHM cannot be compared since
the non-monochromated XPS has lower resolution). This shoulder can be attributed
to the observed carbon (present C 1s peak) leading to the formation of CO/CO2. The
oxygen peak at lower binding energy is known as the lattice oxygen while the higher
energy position peaks are related to environmental effects (i.e. oxygen vacancies and
contaminations).
The surface of the films grown in 10−2 mbar was examined using an ex-situ XPS
shown in figure 4.13. Figure 4.13-a displays the ex-situ XPS survey scans of the thin
films grown in pO2=10
−2 mbar at various Tg. It can be seen that the films grown at
higher temperatures show a higher intensity of the C 1s peak that is expected since
CO/CO2 can form at those temperatures. Valence band spectra of the films and the
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Figure 4.12: a) Survey scans comparing the in-situ and ex-situ XPS data. The position
of the core level binding energy is irrelevant to the energy source however the Auger
lines are shifted when the source is changed. b) and c) show the Mn 2p areas and
d) compares the oxygen peaks and the difference between them for the film grown at
700 ◦C and pO2=10−4 mbar. No significance change can be observed for the Mn 2p
spectra; however the shoulder of the oxygen peak at a higher binding energy confirms
the presence of carbon on the surface.
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Figure 4.13: ex-situ XPS a) survey scans of thin films grown in pO2=10
−2 mbar at
various Tg reveal that the film grown at highest temperature shows a higher intensity
C 1s peak that is expected since CO/CO2 can form at those temperatures. b) Valence
band spectra of the films. c) Zoomed in region near the Fermi level spectra show that
the film grown at low temperature of 600 ◦C has slightly higher intensity, an indication
of more metallic states near the surface. d) The Mn 2p does not change at all with Tg.
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zoomed in region near the Fermi level spectra are shown in panels b and c respectively.
The film grown at 600 ◦C has slightly higher intensity, an indication of more metallic
states near the surface. Figure 4.13-d shows that the Mn 2p shows no change at all
with Tg. To see whether the no change in the surface is as a result of the exposure
to air, a set of samples grown in pO2=10
−4 mbar were measured by the in-situ XPS.
Similar behaviour was observed for the Mn 2p region however the oxygen pressure is 2
orders of magnitude lower than the previous set measured by ex-situ (figure 4.14). In-situ
non-monochromated XPS shows in figure 4.14 that all films expect the one grown at
750 ◦C are contamination-free at the surface. This sample has the lowest oxygen content,
more likely with higher oxygen vacancies at the surface. It has previously been reported
that a perovskite with higher oxygen vacancies is more sensitive to contamination and
shows hydroxyl bonds at the surface because of the acidity of the surface [172]. Figure
4.14-b compares the La 4d region that also shows no dependence on the Tg as does
the Mn 2p (c). d) The O 2p spectra show that only the spectrum of the film grown at
Tg= 750
◦C has an additional peak on the high binding energy side. This indicates that
oxygen is bonded in another environment. With this data the only conclusion that can be
made is that samples grown at 750 ◦C at pO2=10−2 mbar and 10−4 mbar show higher
contamination at the surface even for the sample measured in-situ. XPS composition
analysis requires further work to aid to understand the correlation between the growth
conditions and the surface electronic properties.
Surface morphology
The surface morphology was examined by RHEED and AFM (figure 4.15). The
surface morphology of LaMnO3 films shows a change in roughness with increasing Tg.
At higher Tg, surface roughening occurred after cooling in a low oxygen background.
Table 4.2 shows the RMS roughness values for the films obtained from 5 µm × 5 µm
size scans. Streaky lines in the RHEED pattern suggest the surface is relatively smooth,
however, disorder causes broadening in the streaks compared with that from the substrate.
’Spotty’ patterns suggest the presence of crystalline microstructures at the surface of a
thickness within the mean free path of the electron beam. Bulk type diffraction occurs
as a result of electron transmission through the 3D islands at higher Tg. This effect is
more severe at lower pO2 , to the point that no diffraction was observed from the surface.
Rougher surface morphology at lower pO2 is in agreement with the hypothesis that
oxygen loss occurs after deposition when cooling down at the growth pressure. To avoid
this adverse effect on the stoichiometry and also surface morphology future samples in
the next chapters were cooled down in a high pO2 of 150 mbar.
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Figure 4.14: in-situ non-monochromated XPS a) survey scans of the films grown in
pO2=10
−4 mbar at different Tg. All films expect the one grown at 750 ◦C show no
contamination at the surface. This can be attributed to a week gap between the growth
and the XPS measurement of this sample. b) La 4d shows no dependence on the Tg
so does the Mn 2p (c). d) The O 2p spectra show that only the spectrum of the film
grown at Tg= 750
◦C has an additional peak on the high binding energy side.
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Figure 4.15: RHEED pattern and AFM surface morphology of LaMnO3 films show a
change in growth mode from 2D to 3D and island growth as a function of temperature.
Streaky lines in the RHEED pattern suggest the smoothness of the film and dots confirms
the island growth mode at higher Tg.
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Table 4.2: Temperature dependent RMS roughness values of LaMnO3 films grown in
two different pO2 of 10
−2 and 10−4 mbar. The roughness RMS values have an error bar
of ±0.01 nm.
pO2 mbar 10
−2 10−4
Tg
◦C 600 650 700 750 600 650 700 750
RMS roughness (nm) 0.37 0.31 2.63 7.52 0.42 0.99 5.05 8.13
4.8 Optimisation of LaMnO3 for superlattice growth
It is essential to achieve strong and defined RHEED intensity oscillations before
using LaMnO3 in a heterostructure. This was achieved by increasing the deposition
temperature which clearly affects the crystallinity and also the surface morphology as
discussed. However in this section growth is optimised purely judged by RHEED intensity
oscillations. As can be seen from the figure 4.16, the RHEED intensity exhibits stronger
oscillations when the Tg is increased from 600 to 650
◦C. However by increasing the
temperature to 700 ◦C no significant improvement was seen. For the LaMnO3 film
grown at 750 ◦C the first oscillations improved compared with the films grown at lower
temperatures. However, the RHEED intensity oscillations show strong damping over a
few monolayers due to the rapid increase in the surface disorder. As the temperature
rises, a transition from a streaky pattern to a spotty pattern is observed due to the
electron diffraction arising from the 3D islands on the surface. At 750 ◦C, LaMnO3
film becomes more textured and the arc-type RHEED pattern where the spots lie on
the diffraction rings is observed. This suggests the surface morphology change which is
observed in AFM images (figure 4.15). However these conclusions are based purely on
RHEED intensity oscillations from the initial growth of LaMnO3. The next parameter
to adjust was the laser fluence. It was increased from 1.5 to 2 J/cm2. It was found
that the energy fluence improved the initial oscillations significantly as shown in panel
(e) of figure 4.16. The improved RHEED oscillations by increasing temperature can
be attributed to an increase in the mobility while the more significant improvement in
RHEED intensity oscillations as a result of the increased laser fluence is attributed to an
increase in the supersaturation. For example, at low supersaturation, small nucleation on
top of a 2D island are less likely to become stable and may decompose to adatoms which
finally join the step edges of the lower layer [197]. Therefore, at the early stages of the
deposition of a monolayer, deposition conditions such as laser fluence which increases
the supersaturation, and hence the surface migration and nucleation of adatoms, are
important to achieve strong RHEED oscillations. Marton et al. [198] studied the effect
of laser fluence on the stoichiometry of LaMnO3 thin films grown by PLD. They found
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Figure 4.16: RHEED Intensity oscillations of the LaMnO3 films grown at 600 to 750
◦C
show an improvement in the initial oscillations whilst the strongest oscillations was
observed for the film grown at 750 ◦C with 2 J/cm2 energy fluence
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that using higher laser fluence and lower oxygen background leads to growth of bulk-like
stoichiometric LaMnO3 and decreases the oxygen excess (or cation deficiencies). In their
report, by changing the laser fluence from 1.5 to 2 2 J/cm2 no significant change (0.2 %
expansion of c-lattice parameter and no change in TC) was observed, since this energy
is above the threshold laser energy (∼0.5 J/cm2) that results in non-stoichiometric
cation transfer. Similar to their results, here no variation in the structural and magnetic
properties of LaMnO3 was found as a result of changing the laser fluence.
4.9 Summary
LaMnO3 thin films grown in a partial oxygen pressure of pO2=10
−2 mbar showed
the ability to self dope by acquiring an oxygen excess resulting in LaMnO3+δ layers.
The structural, transport, and magnetic properties of these LaMnO3 thin films, grown
at various substrate temperatures, in both low and high oxygen background pressures
were characterised. La vacancies, formed during the growth due to the high oxygen
background, lead to an oxidation of Mn ion from Mn3+ to Mn4+ which favours double
exchange interactions, hence, above the critical Mn4+ concentration, a metal-insulator-
like resistivity maximum appeared. This showed agreement with the exhibited structural
properties of LaMnO3 films and reduction in the c-axis lattice parameter when the oxygen
content of the film increases (i.e. La deficient films have smaller volume). Films grown
in the lower pO2=10
−4 mbar and higher temperature (above 700 ◦C) exhibited rougher
surface morphologies due to the formation of oxygen deficiencies during the cooling
down cycle (note that films were cooled down in the same pO2 as growth). Increasing
the temperature, surface roughening reached a level that no diffraction pattern could be
attained from the surface. Rougher surface morphologies at lower pO2 showed agreement
with the hypothesis that oxygen loss occurred after deposition when cooling down at low
pO2=10
−4 mbar (growth pressure). To avoid this adverse effect on the stoichiometry
and also surface morphology, samples described in the following chapters were cooled
down at a high pO2 of 150 mbar. By increasing the laser fluence from 1.5 to 2 J/cm
2 the
initial RHEED intensity oscillations was significantly improved resulting in observation of
oscillations up to 10 monolayers, however, no variations in the magnetic properties of
the films were observed.
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Chapter 5
Optimisation of growth parameters
for LaNiO3 thin films
This chapter presents a study of the growth of LaNiO3 on SrTiO3 (001). The
effect of substrate temperature on the growth of LaNiO3 thin films has been investigated
while the growth was monitored using in-situ RHEED. The main aim of this study is to
characterise the physical properties of LaNiO3 whilst changing the growth temperature.
The growth has been described and surface analysis carried out using RHEED and AFM.
The crystallinity of the samples was probed by XRD, which showed (001)-oriented growth.
The bulk and surface electronic properties of the layers were investigated using PPMS
and XPS respectively. Grazing incidence in-plane XRD and STEM were used to further
examine the microstructure of the films.
5.1 Introduction
Recently, artificial layered perovskites, particularly those composed of TMOs,
have been an active area of research and have attracted attention owing to their variety of
intriguing properties [64, 199]. The family of nickelates, in the form of RENiO3 (RE=
rare earth), have been considered as a promising platform for these studies due to the
charge transfer gap present in their band structure between the unoccupied conduction
band of the Ni 3d and the occupied O 2p valence band [59, 60]. This gap is influenced by
the RE radius and also the temperature, hence when they both increase, the gap starts
to decrease until it disappears resulting in an insulator-metal transition (IMT) [61]. Bulk
LaNiO3 is the only member of this family which remains metallic at all temperatures.
The metallic behaviour of LaNiO3 arises from hybridisation between the Ni 3d
and the O 2p bands, under the influence of NiO6 octahedra connectivity throughout the
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crystal. The resistivity of LaNiO3 is reported to show a T
2 trend which implies a strong
influence of electron-electron interaction on the conductivity [62]. It has been reported
recently that the metallicity of LaNiO3 can be increased when strong hybridisation of
the Ni 3d 2tg and O 2p states occurs by decreasing the electron-electron interaction in
Ni 3d eg states [59]. Therefore, the conductivity of LaNiO3 can be tuned by changing the
oxygen octahedra in which the Ni is placed, and this can be achieved by altering the Ni-O
bond length or tilting the octahedron. This can be engineered in two ways; changing
the growth parameter or using various substrates. The latter changes the type of strain
(tensile or compressive strain). As an example, by using SrTiO3 as a substrate under a
stable oxygenation condition, LaNiO3 experiences tensile strain. The total resistivity of
LaNiO3 thin films also depends on the crystallinity of the layers as defects such as Ni
and oxygen vacancies promote charge localisation. Therefore, maintaining stoichiometry
in LaNiO3 films becomes a significant growth challenge. This is due to the instability
of the thermodynamically unfavourable Ni3+ valence state. In LaNiO3 structures, the
existence of Ni2+ it is often reported [200], and is accompanied by the formation of
the oxygen vacancies which are created to maintain the overall charge neutrality of the
system [201]. This material is more often referred to as LaNiO3−x where x ≥ 0. This
oxygen deficiency affects both the crystal structure and also the electrical properties of
the LaNiO3 [202, 203].
In this chapter the lattice structure of LaNiO3 is explained briefly, then the growth
process is described followed by surface analysis of the thin films using RHEED and AFM.
The crystallinity of the samples was probed by XRD, which showed (001)-oriented growth.
It is shown that the crystallinity of the LaNiO3 thin films is strongly dependent on the
growth temperature, and by increasing the growth temperature high quality LaNiO3 films
can be grown.
5.2 LaNiO3 structure
LaNiO3 has a rhombohedral crystal structure (symmetry space group R3¯c) with
lattice parameters of a = 5.4573 A˚ and c = 13.1462 A˚ at room temperature [204, 205].
This rhombohedral structure contains a distorted perovskite pseudo-cubic with lattice
parameter a = 3.838 A˚ which is well matched with a number of technologically important
substrates such as SrTiO3 and LaAlO3 which is beneficial for its use as a bottom electrode
in heterostructure thin film devices [206, 207]. Both rhombohedral and pseudo-cubic
LaNiO3 are depicted in figure 5.1, the B-site cation, Ni, is surrounded by 6 oxygen
atoms forming an octahedron. Throughout this thesis, only the pseudo-cubic unit-cell of
LaNiO3 is discussed and crystallographic orientations labelled in XRD data are defined
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NiO2
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Figure 5.1: Crystal structure of LaNiO3 a) pseudo-cubic perovskite structure, b) different
planes of LaO and NiO2 within the pseudo-cubic lattice, c) rhombohedral structure
in relative pseudo-cubic lattice.
PLD growth of LaNiO3 thin films is explained in the next section to achieve
defined RHEED-intensity oscillations which is a strong indication of layer-by-layer growth
to control the thickness of LaNiO3.
5.3 Thin film growth
Four thin films of LaNiO3 were deposited onto single crystal SrTiO3 (001)
substrates by pulsed laser ablation from a commercially provided bulk LaNiO3 ceramic
target. The target was irradiated at low partial pressure of 0.01 mbar at elevated
temperatures by a laser beam of 5 Hz frequency. Depositions were carried out at
temperatures ranging between 600 to 750 ◦C in 50 ◦C increments. The detail process of
the deposition was as explained in section 3.2 and the typical deposition parameters of
LaNiO3 are summarised in table 5.1. The number of pulses was kept constant at 5000
for each film. After completing the deposition, the chamber was flooded with 150 mbar
of pure oxygen and the heater was switched off to minimise oxygen deficiency formation
during cooling. XPS measurements and AFM images were both performed ex-situ and
at room temperature.
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Table 5.1: Deposition parameters used for growth of LaNiO3.
Deposition parameters: Typical values
Compounds LaNiO3
Background gas O2
Background gas pressure (mbar) 0.01
Substrate temperature (◦C) 600-750
Spot size (mm2) 2.16
Shape of spot rectangular
Target type sintered pellet
laser fluence (J/cm2) 1.5
5.3.1 Growth monitoring
By recording the intensity of the RHEED specular spot, growth was monitored
during the deposition. The middle panel in figure 5.2 shows the intensity of the RHEED
specular reflection as measured during the first 90 s of LaNiO3 growth at various
temperatures. The RHEED images on the left side of the main panel represent RHEED
patterns of the bare substrates taken at low pressure before heating the substrate.
Although substrates were ’as-received’ (with no chemical treatment) the Kikuchi lines
present are an indication of the smooth surface of the substrates. Images on the right
side of the main panel in figure 5.2 show the RHEED patterns of the LaNiO3 films
after deposition using 5000 pulses. The thickness of the samples is in the range of
30 to 40 nm, however two dimensional spots have become streaky ovals as a result of
electrons scattering from surface disorder. The 3D transmission spots are noticeable in
the RHEED patterns of films deposited at elevated temperatures; however they are also
accompanied with 2D streaks. This result is in agreement with the AFM images (see
figure 5.3) showing crystalline 3D islands on smooth surfaces.
It can be seen from the middle graph of figure 5.2 that the RHEED oscillations
damp rather quickly after deposition of less than 10 u.c. for LaNiO3 films. The damping
of oscillations can be attributed to the specular spot progressively becoming more streaky
as a result of rapidly increasing disorder at the surface due to the growth of islands of
various heights creating step edges, and consequently increasing the electron scattering.
Kareev et al. [102] also reported strong damping after a few u.c. in RHEED specular
intensity oscillations in LaNiO3 films. It can be seen in figure 5.2 that the RHEED
oscillations become more defined with increasing substrate temperature. This can be
attributed to the increased mobility, with a more likely 2D growth. The intensity of
the oscillations in figure 5.2 reveals an improved surface order and layer crystallinity
with increasing growth temperature. Lower growth temperature appears to give rise to
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Figure 5.2: RHEED intensity oscillations for LaNiO3 thin films grown at various substrate
temperatures on SrTiO3 (001). Middle panel shows the RHEED specular spot intensity
oscillations as monitored during the initial 90 s growth. The RHEED images presented on
the left hand side are bare substrate at room temperature. The right hand side RHEED
images represent the films after deposition of 5000 pulses (after cooling).
3D island formation and this has been investigated with AFM in the next section. By
looking at the RHEED and observing bulk transmission, it is expected to see island-like
microstructures on the surface, hence AFM was performed to explore this possibility.
5.4 Surface morphology
The surface morphology of the films was investigated using AFM and was
compared with the RHEED patterns of the films obtained after deposition. Figure
5.3-a) to -d) shows AFM height images of 1×1 µm2 area of the films deposited at
various temperatures along with line-profiles to compare the height of the islands (lines
profiles are shown on the right side of each image). Images on the right side of figure
5.3-e) to -h) are inverted RHEED images of each film and a line profile of the spots are
shown under each RHEED pattern for a straightforward comparison of the FWHM of
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Table 5.2: Temperature dependent RMS roughness values obtained from 1×1 µm2.
Reported grain sizes are from the islands on the surface of LaNiO3 films.
TSubstrate RMS roughness (nm) Mean grain size (nm)
600 0.45(1) 7(1)
650 0.63(1) 10(1)
700 1.12(1) 83(1)
750 1.56(1) 215(1)
the specular beam peak. The RHEED line profiles were originally in pixels. Using the
substrate diffraction spot as a reference (aSrTiO3= 3.905(1) A˚) pixels were converted
into a reciprocal streak-spacing (A˚−1).
As can be seen from the left column of figure 5.3, the film deposited at 600 ◦C
shows a smooth surface without the formation of any distinctive grains. At 650 ◦C the
roughness increases and small islands of average size 10.8(1) nm were observed. Further
increases in the temperature lead to a grain size enlargement and surface roughening.
The RMS values and average grain size of LaNiO3 films deposited at various temperatures
are given in table 5.2. When deposited at 700 and 750 ◦C, LaNiO3 films show full
crystallisation with microstructures oriented along high symmetry directions 〈110〉 (figure
5.3-c)). These microstructures clearly have a preferred growth orientation and their
surface is smooth (below 1 nm RMS ) as can be seen from the line profiles shown in
figure 5.3-c) and -d). These images were taken using ex-situ AFM and the RHEED
patterns were obtained after the samples were cooled to room temperature, thus there
is no way to ascertain whether they were formed during the deposition, or after the
growth during cooling to room temperature. Since strong RHEED oscillations at the
initial growth of the thin films were observed, suggesting layer-by-layer growth, it can be
considered that they are out-growths and so formed after the growth has ended. It is
known that off-stoichiometric growth can result in the appearance of precipitates on the
surface of perovskite films [208, 209, 210].
The RHEED images showed a transition from streaks to spots indicating a
transformation in the morphology of the films. The RHEED pattern of the LaNiO3 film
deposited at 600 ◦C is more diffused indicating poor crystallinity which agrees with the
AFM image without distinct grain boundaries. The diffraction spots become sharper with
increase growth temperature, correspondingly, the specular spot FWHM will decrease
indicating an increase in lateral grain size. RMS roughness of the films are reported in
table 5.2 however the roughness of the films under the islands are smooth and their RMS
roughness values are below 1 nm. The well-ordered microstructures observed by AFM
suggests the films are crystalline, however, to further examine the relation between the
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Figure 5.3: Surface morphology and structure dependency of LaNiO3 thin films on
substrate temperature. a-d) AFM height images of 1× 1 µm area along with line-profile
(white dashed line). e-h) Inverted RHEED images of each film with line profile.
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Table 5.3: Lattice parameters and crystallite size from Scherrer equation determined
from the (002) Bragg peaks shown in figure 5.4
TSubstrate(
◦C) 2θ(◦) c lattice parameter(A˚) Crystal size (nm)
600 44.269(1) 4.088(1) 6.6(1)
650 46.731(1) 3.884(1) 21.6(3)
700 46.841(1) 3.875(1) 25.6(1)
750 47.127(1) 3.853(1) 29.9(2)
substrate temperature and growth of LaNiO3 XRD was performed as follows.
5.5 XRD patterns
In order to probe the effect of temperature on the crystallinity of the film quality
it was necessary to perform XRD. Figure 5.4 shows XRD θ − 2θ patterns of the LaNiO3
films on (001) SrTiO3 substrate deposited at 600, 650, 700, and 750
◦C. As revealed
from the obtained XRD patterns, for the films grown at 650 ◦C and above, the indexed
peaks in figure 5.4 correspond to the perovskite phase. Furthermore, when increasing
deposition temperature, the strength of the (002) peak increases while the non-perovskite
phase (indexed by *) disappears. The peak marked by * is indicative of La2NiO4 (006).
This structural change has been mostly observed at temperatures above 700 ◦C due
to decomposition of the LaNiO3 phase [211, 212, 213]. Upon increasing temperature,
uptake of oxygen increased, especially during cooling of the sample when the chamber
was flooded with oxygen. It can be assumed that the oxygen incorporated better into
the lattice at a higher temperature. In contrast, the films grown at low temperatures
were more oxygen deficient. The oxygen deficiency results in the formation of Ni2+ and
consequently, leads to the formation of La2NiO4, which is highly insulating. For films
grown with a substrate temperature greater than 700 ◦C the (003) peak becomes visible
indicating increasing crystal quality in the layers. Noticeably, the film grown at 750 ◦C
exhibits only (00l) diffraction peaks, indicating that an entirely (001)-oriented LaNiO3
thin film was grown successfully on the SrTiO3 (001) substrate.
From the {001} reflections, the c-axis lattice parameter of LaNiO3 was calculated.
Lattice parameter
As stated earlier, at room temperature LaNiO3 has a rhombohedral crystal
structure of space group R3¯c with cell parameters of a = 5.4573 A˚ and c = 13.1462 A˚
[204]. This rhombohedral structure contains a distorted perovskite pseudo-cubic structure
with a lattice parameter a= 3.838 A˚. However, the adjacent NiO6 octahedra undergo
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Figure 5.4: XRD θ−2θ scans of LaNiO3 thin films grown at various substrate temperatures
from 20 to 80 ◦ shown in r.l.u. relative to the substrate. Peak marked as ∗ corresponds
to La2NiO4.
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an anti-phase rotation about the [111] trigonal axis which is defined by Glazer tilting
notation as (a−a−a−) [71, 72]. Further lattice distortion can be induced by strain due to
lattice mismatch, i.e. the 1.7 % tensile strain when LaNiO3 is grown on SrTiO3 substrate
[214]. Figure 5.4 shows that the position of the diffraction peaks shifts to higher angles
hence indicating a reduction in the c-axis lattice parameter of the films. The lattice
parameter variations of c-axis lattice parameter and crystal size values of the LaNiO3
films deposited at various substrate temperatures are given in figure 5.5 and Table 5.3.
The crystallite sizes reported in table 5.3 were calculated from Scherrer’s equation and
the c-axis lattice parameter was calculated from the d spacing of the (002) planes using
Bragg’s law. Figure 5.5 illustrates that as the temperature rises, the lattice parameter
decreases, i.e. the volume of the unit cell decreases. This reduction in the cell volume is
attributed to the decrease in the defect concentration due to the increased uptake of
oxygen. When, the temperature rises, the c–axis lattice parameter becomes closer to that
of stoichiometric bulk LaNiO3. The lattice parameters determined for the LaNiO3 films
is found to agree reasonably with the pseudo-cubic LaNiO3 (3.84 A˚) however it is slightly
larger. The volume of the u.c. could decrease under tensile strain if the material has a
negative Poisson ratio. Considering the strain induced by the lattice mismatch between
the SrTiO3 substrate and LaNiO3 under tensile strain, the out-of-plane lattice for the
films should be smaller [214] however this is not the case in these films. One suggestion
can be that strain is induced not as a result of mismatch, but from the coexistence of a
second phase although there was no evidence of such a phase in the out-of-plane XRD
pattern.
Considering the presence of a second phase in the films the most thermodynamically
favourable secondary phase in LaNiO3 is La2NiO4, and its evolution and coexistence
in LaNiO3 films grown at temperature above 600
◦C has been repeatedly reported
[211, 212, 215]. La2NiO4 is a layered perovskite in which the layers of LaNiO3 are
separated by rock-salt LaO layers. Lattice parameters of tetragonal (I4/mmm) La2NiO4
at room temperature are a=3.8690(2) A˚ and c=12.6(2) A˚ [216]. The in-plane lattice
constant of La2NiO4 is very similar to that of the pseudo-cubic LaNiO3. If La2NiO4
grows in plane, it will be difficult to reliably identify from an out-of-plane θ − 2θ scan
due to the similarity in the position of the (002) thin film perovskite LaNiO3 and the
(200) of the La2NiO4 reflection peaks. Moreover, growth of the a-domain La2NiO4 has
been reported by PLD on SrTiO3 under similar deposition conditions to those used in
this work [217].
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Figure 5.5: a) θ− 2θ of the LaNiO3 (002) films shown at smaller range around the (002)
peak of SrTiO3 substrate. b) (Right axis) FWHM of the (002) reflection and (left axis)
c-axis lattice parameter of LaNiO3 films decrease when substrate temperature rises.
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5.6 Transport properties
The temperature-dependent resistivity of LaNiO3 thin films was measured from
300 to 2 K (figure 5.6) using a PPMS-Quantum Design. The room temperature resistivity
of LaNiO3 thin films grown at temperatures from 600 to 750
◦C is presented in the inset
of figure 5.6. Figure 5.6 reveals the effect of substrate temperature on the temperature-
dependent resistivity. The resistivity is seen to fall as the substrate temperature increases,
while the temperature behaviour also changes. The resistivity dependence on temperature
can be conventionally determined as ρ(T ) = ρ0 + AT
α , where ρ0 is the temperature
independent residual resistivity, α is dependent on the dominant scattering mechanism
within the material and A is a constant. Based solely on Coulombic interactions, resistivity
has a T 2 dependency in the Fermi liquid model of metals [218, 219]. However, at low
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Figure 5.6: Temperature versus resistivity compared for LaNiO3 thin films grown on
different substrate temperature. The inset shows the room temperature resistivity of the
films and their dependence to the substrate (growth) temperature.
temperatures, in correlated complex oxides, carriers can be localised resulting in a IMT in
these marginal metals. Except for the film grown at 750 ◦C, the films did not show any
metallic behaviour. The a-domain La2NiO4 phase induces strain in the films and strain
has been suggested to be a controlling factor in the relative distribution of localisation,
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hence the transport properties. The wide range of resistivity values reported in the
literature for thin films of LaNiO3 is another indication of stoichiometry issues during
the growth of this material. Room temperature resistivity values reported for LaNiO3
films range between 0.1 to 2 ×10−3 Ωcm [220, 221, 222]. Comparing this range to
that of the LaNiO3 film grown at 750
◦C (≈2 Ωcm) indicates that the lowest value
achieved in this work is at the upper limit of this range. There are several plausible
explanations for the formation of defects in the film. First of all, an oxygen background
pressure of 0.1 mbar has been widely used for full oxidisation of LaNiO3 films followed by
post-annealing in air or pure oxygen. It can be concluded that the oxidisation condition
during growth (background oxygen pressure of 0.01 mbar) was not sufficient although
the films were cooled down in 150 mbar oxygen pressure to maintain stoichiometry after
growth. While post-annealing in air can decrease the resistivity of LaNiO3 films by up
to two orders of magnitude, the purpose of this optimisation, which was the synthesis
of a layered lanthanum based oxide heterostructure, meaning post annealing was not
practical. In conclusion the enhanced resistivity observed in LaNiO3 is ascribed to the
non-stoichiometry of LaNiO3 promoted by a low oxidisation environment during growth
which leads to the formation of a secondary phase of La2NiO4 which further induces
strain into the system. This extra strain will then lead to an expansion of the NiO6
octahedra and a localisation of the Ni-O bond. While bulk-type transport properties
were investigated here, XPS can give insight into the surface electronic properties of
these films.
5.7 X-Ray Photoelectron Spectroscopy
XPS measurements were performed using monochromated Al Kα X-ray source
and the complex XPS system had a typical resolution of 0.4 eV. Figure 5.7-(a) shows a
typical XPS survey of a LaNiO3 films (from LaNiO3 deposited at 700
◦C) and regions of
various chemical states are marked. High resolution scans of valence band spectra for the
films grown at 600, 700 and 750 ◦C are depicted in figure 5.7-(b). These reveal states
crossing the Fermi level which confirms the metallic behaviour of the LaNiO3 films grown
at 700 ◦C and above. The observed valence band spectrum is in good agreement with
recent theoretical calculations [223]. Valence band spectra features are labelled in figure
5.7-(b) for the film grown at 750 ◦C. Two features, A and B, near the EF are assigned
to eg and t2g states of Ni 3d, respectively. The next two features, named C and D, are
associated with O 2p dominant states [224]. Note that the valence band spectra shown
in figure 5.7-(b) are normalised to feature D. It is clear that the LaNiO3 layer grown at
750 ◦C has more intense features as compared to the films grown at lower temperatures.
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Figure 5.7: XPS spectrum of (right panel) survey wide-scan of LaNiO3 film deposited
at 700 ◦C b) valence band spectra for films deposited 600, 700, 750 ◦C. Fermi level is
shown by the dashed line. A-B and C-D are features of XPS related to Ni 3d and O 2p
respectively.
Features A and B are very sensitive to the oxygen stoichiometry of the films, and so
it is plausible that oxygen vacancies are filled for higher growth temperatures and/or
during cooling. The intensity of feature A enhances as growth temperature rises. It is
noticeable that feature A crosses the EF in LaNiO3 grown at 750
◦C, an indication of
the metallicity of this LaNiO3 film and supporting the transport behaviour of the films
based on transport measurements.
5.8 Effect of target on growth
One of the most favourable advantages of PLD is the similarity between the
stoichiometry of the target and deposited film, and thus target’s stoichiometry should
be repeatedly checked, especially if the bulk material is known to be unstable in the
desired crystallographic structure. During the pulsed laser irradiation, the target surface
is being heated at extremely high rates (108 K/s) resulting in congruent evaporation of
the target regardless of the evaporation temperatures of each constituent elements in
the target. However not only the stoichiometry but also the crystal phase structure of
the target should be the same as what is desired in the deposited film, i.e. perovskite
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LaNiO3. Earlier, the non-stoichiometry of LaNiO3 was associated with the low oxidisation
environment during growth and thus the formation of a secondary unfavourable compound
La2NiO4. La2NiO4 is one of the Ruddlesden-Popper (RP) phases, a homologous series
of the form An+1BnO3n+1 (n=1, 2, and 3) when ABO3 is the perovskite structure [225].
Attributing the change in stoichiometry to the oxidisation environment is only valid if the
target material is stable, and remains stoichiometric throughout the deposition process.
If any of the RP phases are present in the target, the formation of Lan+1NinO3n+1 in
the deposited film is expected including La2NiO4 (n=1), La3Ni2O7 (n=2), La4Ni3O10
(n=3), and LaNiO3 (n=∞) which are shown schematically in figure 5.8. It has been
Figure 5.8: Crystal structure Lan+1NinO3n+1 (n=1, 2, and 3) when LaNiO3 is the
perovskite structure (n=∞).
reported previously in the bulk form that the RP family are in equilibrium with NiO and
La2O3 [226, 227], only LaNiO3 has tie-lines with the gas phase [228]. When increasing
temperature or reducing oxygen pressure, whilst the equilibrium with NiO continues, the
equilibrium with La2O3 is consecutively substituted by that with the gas phase. With
further rise in temperature and reduction in oxygen pressure, LaNiO3, La3Ni2O7, and
La4Ni3O10, decompose until only the La2NiO4 compound coexists with La2O3, NiO,
Ni and gas. The decomposition process of complex oxide lanthanum nickelate can be
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written as;
4 LaNiO3 → La4Ni3O10 + NiO + 1/2 O2, (5.1a)
3 La4Ni3O10 → 4 La3Ni2O7 + NiO + 1/2 O2, (5.1b)
2 La3Ni2O7 → 3 La2NiO4 + NiO + 1/2 O2. (5.1c)
The decomposition temperature of LaNiO3 in air, as reported by Bannikov’s group is
around 980 ◦C [229]. The results from various measurements indicated the existence of
a second phase in the films and hence higher resistivity than expected for stoichiometric
LaNiO3 thin films bought the quality and crystallinity of the target into question. Testing
this hypothesis using an energy-dispersive X-ray spectroscopy (EDS) coupled to scanning
electron microscopy (SEM) can give misleading results since during the decomposition
process no loss of cations occurs. During this project at several points, LaNiO3 target was
probed by EDS-SEM. The result showed relatively stoichiometric composition (atomic
ratio of La/ Ni ≈ 1) within the errors of the experiment. The ratio of cations (La/Ni)
varied between 1 and 1.15 indicating slight Ni deficiency at various parts of the target.
The oxygen content cannot be reliably measured using this technique.
To confirm the single phase with the perovskite structure, a XRD powder-type
scan was carried out on a sample made of crushed LaNiO3 target and the position and
relative intensity of the XRD-pattern were compared with the single phase materials.
Figure 5.9 summarises the results including the HighScore Plus Rietveld refinements
showing more than 95 % RP phase in the crystalline sample. Only 3% Ni and 1% NiO
were detected indicating that target is heavily Ni deficient (La/Ni≈2). It can be assumed
that the decomposition has truly occurred in the LaNiO3 ceramic target either during the
initial solid-solution of sintering process or later after or during the deposition process.
One possible explanation to justify the EDS-SEM results is that there are Ni and NiO
precipitations distributed homogenously throughout the pellet, therefore EDS results
gave stoichiometric ratio of cations in the target. The true origin of this decomposition
is debatable with the existing data.
One experiment that should be performed is to take XRD patterns from a per-
ovskite phase stoichiometric target and repeat the measurements after several thousands
laser shots to examine the effect of laser ablation on the stability of perovskite phase.
It also should be noted that this target was not continuously kept in vacuum due to
technical break downs of the deposition chamber. In this context, the environment in
which target is kept might be the reason for this decomposition. However, the tempera-
ture reported for the decomposition to take place in the whole target is too high and
in none of the stages of the PLD deposition process does the target reaches 900 ◦C
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Figure 5.9: a)θ − 2θ powder XRD scan of LaNiO3 target b) HighScore Plus Rietveld
refinements c) It can be seen by comparing the peak list with the reference compounds
that the RP phase is the dominant one.
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apart from the very top most surface layer. Knowing this allows us to conclude that the
phase of the target was changed during the solid-solution sintering process carried out
by the manufacturers. In conclusion, to obtain stoichiometric thin films, not only the
composition should be of the required stoichiometry, but also the crystal phase of the
ceramic target should be tested and chosen to match because it can drastically change
the quality of growth. Regardless of having a RP phase target, films grown at high
temperature exhibited similar physical properties to stoichiometric perovskite LaNiO3.
To further exploit the microstructure and understand the reason that no RP phase was
detected in the out-of-plane XRD θ − 2θ, the sample with the closest-to-stoichiometry
(grown at 750 ◦C) was prepared for STEM imaging.
5.9 Probing LaNiO3 using STEM
The LaNiO3 thin film grown at 750
◦C and 0.01 mbar oxygen exhibited abundant
amount of the RP phase as shown in figure 5.10. The profile taken in this image shows
the incorporation of an extra LaO plane in the heterostructure and therefore two peaks
corresponding to La lie next to each other in the shown HAADF image and are highlighted
b)
La
Ni
O
a)
Figure 5.10: a) HAADF image of LaNiO3 thin films showing La2NiO4 (RP) planer faults
are abundant. Line scan profile shows an extra LaO layer is inserted into the structure.
Corresponding two high intensity peaks are shown by green arrows. b) Schematic
perovskite LaNiO3 which is also shown in a) to highlight the half u.c. shift and the extra
rock-salt LaO plane.
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Figure 5.11: a) HAADF image of LaNiO3 thin films showing intermixing at the interface.
b) Higher magnification HAADF image shows that the interface is not abrupt and also
La2NiO4 (RP) phase are grown from the first monolayers of initial growth.
by the green arrows. It is clear from the HAADF images in panel a and b in figure 5.11
that the interface between LaNiO3 and SrTiO3 is not abrupt which can be attributed
to using as-received mixed terminated SrTiO3 substrate. To prevent this problem in
growth of superlattices, substrate treatment using HF was optimised for SrTiO3 (001).
This process is explained in the next chapter. It can be seen in figure 5.11-b that the
excess LaO layer is inserted parallel to the interface after 3 monolayers. It seems that
the perovskite phase is not energetically favourable and only after deposition of a few
monolayers the structure is relaxed by the formation of a rock-salt LaO layer attributed
to the RP phase.
Figure 5.12-a shows that both horizontal and vertical RP faults were abundant in
the LaNiO3. This was confirmed by electron diffraction patterns (Figure 5.12-b) showing
streaking feature predominantly along the [010] direction, an indication of in-plane growth
of the a-domain La2NiO4. The images seems to infer that the extra La-O planes grow
parallel to the interface, and the long vertical RP faults appear later in the growth.
This is opposite to the observation carried out during the growth of Sr-excess SrTiO3
homoepitaxial thin films. LaNiO3 has space group R3¯c, with the tilt system a
−a−a−.
Figure 5.12-b shows electron diffraction pattern obtained from LaNiO3 thin film grown
at 750 ◦C . This is the same tilt system as BiFeO3 (see figure 7 of reference [74]) as it
generates no superstructure reflections when viewed down [001] directions.
According to STEM images RP faults (phases) are abundant, so it is expected that
they should be detectable by XRD out-of-plane scan unless their preferred orientations are
along the a-axis of the pseudocubic LaNiO3. Considering there was no peak associated
with the RP phase, at the expected position in the HR-XRD data, it can be concluded that
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Figure 5.12: a) HAADF image of a LaNiO3 thin film and b) corresponding diffraction
pattern. Several perovskite regions are highlighted. It can be seen that there are in a
rectangular shape and separated with an extra LaO to the RP phases. One of the region
with equal intensity (RP phase) is highlighted with black line next to the perovskite
phase. In panel b diffraction spots show streaks dominantly along [010] direction as a
result of the a-domain growth of RP phase. There are no superstructure reflections at
1/2 (odd-odd-even) positions. This pattern is arbitrarily indexed with zone axes [100].
conventional out-of-plane diffraction is not sufficient to characterise the microstructures
parallel to the interface. Consequently, the sample grown at 750 ◦C was taken to the
ESRF synchrotron, XMAS beam line for the grazing-incidence X-ray diffraction (GID)
measurements.
5.10 Grazing-incidence diffraction of LaNiO3
To examine the in-plane orientation of the microstructures in the films GID
was performed at the XMaS beamline of the European Synchrotron Radiation Facility
(ESRF)-Grenoble, France. The experimental strategy was to look for the RP phase in the
in-plane orientation of the film. The structure of LaNiO3 films along the direction normal
and parallel to the surface of the film was evaluated along the [002] and [200] orientations
of the SrTiO3 respectively. To complement the in-plane data, an out-of-plane scan was
also carried out to investigate the possible c-domain RP phase. Since the growth of the
a-domain La2NiO4 was reported previously [217], the grazing angle in-plane diffraction
was chosen to confirm similar behaviour in these films.
The measurement geometry is shown in figure 5.13. The angles αi and αf are the
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Figure 5.13: Schematic diagram of an in-plane grazing-incidence diffraction geometry.
αi and αf , incident and final angles, are in the plane perpendicular to the surface of the
sample, while 2θin-plane, the diffracted angle, is in the plane of the sample surface. In
this geometry, the sample was oriented such that a lattice plane perpendicular to z is at
θ angle with both the detector and the source. The detector was rotated about z to the
Bragg angle (2θ). The diffraction is regarded to be entirely in-plane for αi and αf  θ.
incident and final angles and they lie in the plane perpendicular to the surface of the film,
while 2θin-plane, is the diffracted angle and lies in the film plane (parallel to the sample
surface). In this geometry, the sample was oriented such that a lattice plane perpendicular
to z is at an angle θ with both the detector and the source, whereas the detector is
rotated about z to reach the Bragg angle (2θ). The diffraction is regarded to be entirely
in-plane for αi and αf  θ. Figure 5.14 shows XRD patterns taken using GID at the
ESRF. Figure 5.14-a shows a conventional θ − 2θ XRD out-of-plane scan. The data was
fitted with three peaks including two Gaussian peaks and one Pseudo-Lorentzian peak
for the substrate. One of the Gaussian peaks can be attributed to the unstrained-LaNiO3
with smaller FWHM peak at higher angle relative to the SrTiO3 (002). The second
broad Gaussian peak is related to the strained-LaNiO3 at lower angle (higher lattice
parameters) relative to SrTiO3 (002).
Figure 5.14-b shows the in-plane wide range scan. At position 1.87 r.l.u. in the
tail of the substrate in-plane (200) peak, there seems to be a small peak related to the
RP phase. Figures 5.14-c and d are the in-plane θ − 2θ XRD scan around this area of
interest highlighted in panel b. The difference between panel c and d is the phi angle
which was rotated 90 degree around the z-axis (normal to the interface). It is clear
that there is a weak but clear peak at the expected c-axis value of La2NiO4 (006) more
dominant in only one of the crystallographic orientations [100] and [010]. This arises
from the fact that the RP phases are growing in-plane and preferentially only one of the
[h00] or [0k0] orientations.
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Figure 5.14: a)Out-of-plane θ − 2θ XRD scan showed unstrained-LaNiO3 peak at higher
angle relative to the SrTiO3 (002) and also a broad Gaussian peak related to the strained-
LaNiO3 at lower angle (higher lattice parameters) relative to SrTiO3 (002). b) Very
weak but clear peak at the expected c-axis value of RP (006) can be observed. c)
and d) more focused scan around 1.87 r.l.u. were performed along either a) [100] or
[010] crystallographic orientations. The indexing is arbitrarily. However observed peak is
only existed in one of the mentioned orientations. e) a schematic representation of the
a-domain RP with the perovskite LaNiO3 on SrTiO3 (001) substrate.
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5.11 Summary
Growth of thin LaNiO3 films (≈ 40 nm) has been explored for different growth
conditions. It was confirmed that the resistivity falls and crystallinity improves as the
substrate temperature rises to 750 ◦C. The {00l} texture of the films continues to increase
as the growth temperature is increased. It was also found that at temperatures lower
than 700 ◦C, the RP La2NiO4 coexisted in the film affecting the resistivity adversely.
The film deposited at 750 ◦C was found to have the best physical properties, with
strong RHEED specular intensity oscillations. XRD patterns of the films indicated the
presence of a second phase consisting of La2NiO4 at lower growth temperatures. This
is in contradiction to what has been reported in the literature that is explained by the
structural change due to the decomposition of the LaNiO3 at higher temperatures above
750 ◦C [211, 213, 214]. Upon increasing the substrate temperature, uptake of oxygen
increases during the cooling cycle of the sample when the chamber was filled with oxygen
at a pressure of 150 mbar. It suggests that oxygen incorporates better into the lattice
when the temperature rises as the films grown at low temperatures are more oxygen
deficient. This oxygen deficiency results in the formation of Ni2+ and consequently leads
to the formation of La2NiO4, which is highly insulating. The insulating behaviour of the
film grown at 600 ◦C agreed well with this. The lowest room temperature resistivity
value of 2 × 10−3 Ωcm for the film grown at 750 ◦C is at the upper range of resistivity
reported for LaNiO3 previously in the literature. It is plausible to assume that traces
of the La2NiO4 phase remained in the film grown at 750
◦C although it could not be
detected by out-of-plane XRD scans. The presence of a second phase is not favourable
for strong metallic behaviour of LaNiO3 as defects increase the localisation effect and
carriers freeze out at lower temperatures, as shown by the weak IMT in the LaNiO3 film.
It can be concluded that regardless of the strong RHEED intensity oscillations, indicating
layer-by-layer growth, the LaNiO3 physical properties are strongly dependent on the
stoichiometry. Here are two possible explanations for the observed microstructures of the
films: Oxidisation conditions during growth was not sufficiently high, therefore higher
oxygen background is required to eliminate non-stoichiometry; Decomposition of the
target had occurred either during the deposition or it was non-stoichiometric to start with,
promoting the growth of the RP La2NiO4. Regardless, using a RP La2NiO4 target, nearly
stoichiometric LaNiO3 films were successfully deposited, owing to the non-equilibrium
nature of PLD. This is supported by the EDX composition analysis showing the La:Ni
ratio close to unity. A temperature of 750 ◦C was chosen for the growth of LaNiO3
ultra-thin films to be used later in the superlattices containing LaNiO3. The following
chapter deals with the growth of 2.5 and 3 ML ultra-thin films of LaNiO3.
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Chapter 6
Ultra-thin LaNiO3 on single
terminated SrTiO3
6.1 Introduction
The electronic and magnetic properties of oxide thin films such as RENiO3
alters drastically when changing the system from 3D (i.e. bulk) to 2D (i.e. thin
film) [64, 230, 231]. Experimental studies have shown that ultra-thin films of LaNiO3
show a thickness-dependent metal-insulator transition, below the critical thickness these
ultra-thin films of LaNiO3 exhibit strong localisation resulting in insulating behaviour
[62, 218, 232]. It is essential before embedding a few u.c. of LaNiO3 layers into
superlattices to investigate the surface properties of these layers preferably with in-situ
techniques. In order to fully explore the electronic properties of 2D perovskite systems
it is critical that the surface reconstruction and octahedral tilting are fully understood;
however, these two phenomena remain relatively unexplored.
In the previous chapter, thick (≈ 40 nm) layers of LaNiO3 were studied in order
to investigate the sensitivity of the substrate temperature on the material structure.
However, many heterostructure applications require ultra-thin (< few nm) layers. An
important prerequisite to the well-controlled growth of heterostructures is an atomically
smooth and well-defined crystalline substrate i.e. a single terminated surface [115, 233],
therefore the SrTiO3 single crystal substrates used in this chapter were treated prior to
growth.
This chapter consists of 2 main sections: optimisation of the SrTiO3 substrate
treatment; and the initial growth of LaNiO3 on SrTiO3 in sub-monolayer quantities.
Characterisation of the surface properties of LaNiO3 ultra-thin films is a vital step before
fabrication of superlattices. Two samples were grown: one fully completed 2D growth (3
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Figure 6.1: The relationship between pseudo cubic lattice parameters of LaNiO3 and
LaMnO3 thin films and the SrTiO3 substrate along with some typical substrates used in
perovskite thin film growth.
monolayers); and the other interrupted at half coverage (2.5 monolayers). XPS has also
been used to provide direct mapping of the core level and valence band electronic states.
6.2 Surface treatment of the SrTiO3 substrate
Among complex oxides with the perovskite structure, SrTiO3 is mostly used as a
substrate material because it has the ideal perovskite structure with no octahedral tilts.
SrTiO3 (100) has a tolerance factor of ∼0.86 with lattice contestant of 3.905 A˚ [70]
and a thermal expansion coefficient α = 9 × 10−6 K−1. Considering the high growth
temperature of complex oxides, SrTiO3 is an appealing choice due to its high temperature
chemical stability (melting point of 2080 C◦). Another reason for the popularity of
SrTiO3 is the compatible lattice parameter to the pseudo-cubic lattice of perovskite
oxides.
Figure 6.1 shows the relationship between pseudo-cubic lattice parameters of
LaNiO3 and LaMnO3 and SrTiO3 the substrate used in this work. Also shown in the
figure are other popular substrates for perovskite thin film growth and their lattice
parameters. SrTiO3, like other perovskite materials with a crystal structure of ABO3,
is made of alternating planes of SrO (AO) and SrTiO2 (BO2) (figure 6.2). Depending
on the surface energy, the termination planes of a single crystal SrTiO3 substrate can
consist of SrO layers, TiO2 layers or a mixture of both. Regardless of the preferential
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Figure 6.2: Schematic illustration of the SrTiO3 with ABO3 perovskite crystal structure.
Two possible termination planes for SrTiO3.
termination, when substrates are cut or cleaved an equal amount of both SrO and TiO2
terminated domains are present with half a unit-cell separation step between them [233].
As-received substrates (before any treatment or cleaning) exhibit several kinds of surface
defects and contamination as a result of the polishing and handling process.
The critical characteristics of the substrate surface which affect the properties of
thin films fall into three categories. First and foremost is the necessity to have a clean
and contamination-free surface (e.g. the carbon-base contaminations or H2O) to start
with. On the other hand, surface roughness also plays an important role in the fabrication
of complex heterostructures and the average step height of the surface should not be
higher than one unit-cell. Moreover, in heterostructure growth, the substrate acts as a
template for stacking the subsequent layers and stabilises the crystal structure as a whole.
Thus, a well-defined (i.e. single terminated) surface is a prerequisite for reproducible
and highly crystalline epitaxial thin film growth. The final criterion is the requirement
for a single, unmixed terminating layer. In case of mixed termination there are several
possibilities for stacking sequence. Firstly, at the interface, the stacking sequence can be
continued (e.g. SrO-TiO2-AO-BO2) or shifted by half a unit-cell as the two rock salt
layers meet at the interface (e.g. TiO2-SrO-AO-BO2).
Surface treatment can not only improve the quality of the growth by minimising
any surface electronic defects, but also it can alter the electronic properties of the
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Figure 6.3: Schematic diagram and topography AFM images of the vicinal SrTiO3
substrates a) as-received b) TiO2 single-terminated after BHF-etching and annealing
interface. This is more enhanced at the interface between a polar and non-polar material.
Note only a single-terminated surface can enforce one sequence of stacking, and also
prevents various growth kinetics at different terminated domains. A schematic diagram
accompanied with AFM images of the as-received and TiO2 terminated SrTiO3 single
crystal substrate are shown in figure 6.3. The next section outlines the methodology for
single terminated SrTiO3.
6.2.1 Surface termination control
The effective surface treatments of SrTiO3 have been found recently resulting in
highly crystalline, well-defined and clean surfaces, and more importantly single-terminated
surface. It was first suggested by Kawasaki et al. [115] that a chemical route to treat
the SrTiO3 (001) surface prior to thermal treatment would produce a suitable surface.
This was regarded as a first step towards achieving fully single-terminated perovskite
surfaces. An acidic NH4F-buffered HF solution (BHF) with controlled pH value was used
to etch the surface and obtain TiO2 terminated SrTiO3, which was then confirmed by ion
scattering. However, due to the low pH value of the etchant (∼4.5 pH), a high density
of etch pits was reported which was presumed to occur when an underlying crystal defect
or polishing damage existed on the surface [115]. Koster et al. have since refined the
wet-etching method for achieving single-terminated (100) SrTiO3 surfaces [233]. In this
revised method, the difference in the reactivity between the top-most SrO and TiO2
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Figure 6.4: Schematic diagram of the preparation for the vicinal single terminated SrTiO3
substrates (a) As received SrTiO3 single crystal substrate (001). The surface shows
mixed termination of SrO-layer and TiO2-layer. (b) Substrate is dipped in deionised
water for 10 minutes to allow formation of Sr(OH)x. (c) SrTiO3 (001) after etching by
BHF for 30 seconds when strontium hydroxides were dissolved in BHF. (d) Large single
terminated terraces have formed after annealing in air in a tube furnace.
layers with water was used for selective etching. In general SrO is known to react with
H2O and CO2 at room temperature, by immersing SrTiO3 in water, a SrO layer forms a
strontium hydroxide complex known to be soluble in acid, unlike TiO2 layers. In this way,
the overall etching rate of SrO was increased significantly. This was followed by a short
dip (30 s) in BHF to dissolve the strontium hydroxides. This dissimilarity in solubility in
acid decreased the sensitivity of TiO2-terminated surface treatment to the pH value of
BHF and the etching time. Although the procedure to obtain single terminated SrTiO3
is well established, the main obstacle remains to create a complete single termination.
A new acid-free framework was recently suggested for 100% TiO2 termination [234] by
water leaching. Fully SrO terminated surfaces were usually achieved by deposition of
one unit cell of SrO onto TiO2 terminated surfaces, however, Bachelet et al reported
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bulk diffusion of Sr at 1300 ◦C accompanied by long annealing times for the fully SrO
terminated SrTiO3 substrates [235].
The single termination recipe, which was followed in this thesis, consisted of
following three steps: 1) first forming Sr-hydroxide by immersing the as-received substrates
in deionised water for 10 minutes. (Sr(OH)x were formed on the surface as illustrated
schematically in figure 6.4-b); 2) dissolving the Sr(OH)x by immersing the substrate in a
NH4F-buffered HF 7:1 solution (BHF) for 30 s (figure 6.4-c). The substrates were then
instantly immersed in deionised water repeatedly to prevent the build-up of any residual
acid on the surface; 3) the final step consisted of annealing the substrate at atmospheric
pressure in a tube furnace for 1.5 hours at 1050 ◦C (with 10 ◦C min−1 ramping and
cooling rates) to improve the surface crystallinity. The substrates were then placed in a
round crucible and covered with a lid, both made of alumina, which then were inserted
into a dedicated tube furnace to eliminate any contamination during annealing. After
recrystallization, large single terminated terraces were formed (figure 6.4-d). The AFM
images confirm the formation of large single terminated terraces (figure 6.3-b)). The
annealing temperature was optimised for SrTiO3 (001) substrates provided commercially
by SurfaceNet GmbH. The following section outlines the results of ex-situ atomic force
microscopy (operated in tapping mode) to confirm the surface morphology and chemistry
after the treatment.
6.2.2 Surface morphology after substrate treatment
The surface of the as-received substrates consisted of two different step terraces
of approximately 1 u.c. and 1/2 u.c. height (0.4 and 0.2 nm respectively), indicating a
possible mixed SrO/TiO2 termination on the surface. Annealing at temperatures higher
than 800 ◦C improved the as-received substrate crystallinity due to the re-growth and
re-crystallisation at step edges, although 100% single-termination required chemical
treatment as explained above. As an example, two as-received substrates which had
different miscut angles were annealed for two 90-min cycles at 950 ◦C then examined by
AFM after each cycle. A combination of SrO and TiO2 terraces were observed between
steps after annealing which could not be removed by further annealing (second cycle).
The width of these terraces varied according to the miscut angles of the substrate.
Topography, line profile and phase images of the annealed substrates are shown in figure
6.5. Single-termination could not be achieved solely by thermal treatment and terraces
of 1 u.c. height were regularly observed alongside half u.c. steps (figures 6.5-c and
-h). In mixed terminated substrates, the phase images showed a contrast which can
be attributed to chemical differences in the nature of the surface properties (figures
6.5-b and -e). It should be noted that the formation of different terminating layers
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Figure 6.5: AFM micrographs of (a) low and (f) high miscut angle substrate after first
cycle of 90 min annealing where (b) and (e) are the phase image, (c) and (h) are the
line profile of (a) and (f) and (d) and (i) show the surface morphology after second cycle
of 90 min annealing at 950 ◦C with the phase mode images (e) and (j).
at the surface of annealed SrTiO3 has been reported in both reducing and oxidising
environments [236, 237, 238] which could explain the observed phase contrast in this
case [239]. In conclusion, comparing topography images in figure 6.5 implies that the
surface morphology of the SrTiO3 (100) single crystals depends strongly on the miscut
angle and annealing time. While low miscut angles and short annealing time lead to step
meandering, higher miscut angles and longer annealing time resulted in step bunching
[240]. The effect of annealing temperature should also be considered when discussing
the eventual surface morphology. While annealing at moderate temperatures promotes
surface diffusion, annealing at higher temperatures results in the bulk diffusion of atoms
resulting in a chemical composition alteration of the surface [235, 241].
Remarkable differences were found when the BHF-etched SrTiO3 substrates
were annealed in atmospheric pressure at temperatures between 900 to 1200 ◦C with
ramping and cooling rates of about 10 ◦C min−1. Tapping mode AFM was used to
investigate the surface morphology as well as the chemical spatial distribution of different
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Figure 6.6: The morphological and chemical evolution of BHF-etched SrTiO3 (001)
surface with annealing temperature after 30 s BHF-etched substrates. AFM topography
images show annealed substrates at (a) 900 ◦C, (b) 1000 ◦C, (c) 1050 ◦C, (d) 1100 ◦C
and (e) 1200 ◦C for 90 min under air from left to right. The inset shows the phase mode
image and line profile of each height image is shown underneath it. The full unit-cell
height or half unit-cell height step terraces are shown in line profiles of sample 1050 ◦C
and 1100 ◦C.
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surface termination [242]. Panels a to e in figure 6.6 show the morphological and
chemical evolution of BHF-etched SrTiO3 (001) surface with annealing temperature.
30 s BHF-etched substrates taken from the same batch of commercially provided substrate
were annealed at 900, 1000, 1050, 1100 and 1200 ◦C for 90 min under air and their
surface morphology was subsequently examined by AFM (figure 6.6). Increasing the
annealing temperature from 900 to 1050 ◦C improved crystallinity and created well-
defined atomically flat surfaces. However, as the sample annealed at 1000 ◦C had a
lower miscut angle, it makes the comparison between samples 1000 ◦C (figure 6.6-b)
and 1050 ◦C (figures 6.6-c) difficult, as longer annealing time could have resulted in
fully single termination. The miscut angles of substrates were different even though they
were purchased under the same supposed miscut angle below 1 ◦. At higher annealing
temperatures, above 1050 ◦C, a change in step and terrace nanostructure can be seen.
There are no more straight edges and small round islands appeared on the surface. This
could be due to Sr diffusion from the bulk resulting in SrO surface enrichment. Bachelet
et al. observed a similar trend from TiO2 to SrO termination by increasing the annealing
duration [235]. The increased annealing temperature promoted progressive Sr depletion
in two forms: 1) as arrays of fairly narrow terraces where regions of TiO2 termination
were separated by steps of half u.c. height of perovskite SrTiO3 (SrO-layers); 2) surface
Sr depletion on the terraces. This can be seen more clearly for the substrate annealed
at 1200 ◦C showing round circles with different phase contrast, an indication of further
Sr depletion at the surface (figures 6.6-e). The temperature of 1050 ◦C was found to
give the highest quality surface and was used throughout this work. Figure 6.7-a shows
straight, well-defined step edges of a fully treated substrate with the height line profile
(figure 6.7-c) indicating the disappearance of half u.c. steps.
However, similar treatment of as-received substrates resulted in different surface
morphologies. The surface morphology variations due to different miscut angle are
exemplified in figures 6.7-b, -e and -f. As was explained earlier for annealed as-received
substrates, a combination of miscut angle, duration and temperature of annealing defines
the final surface structure [240]. This is also a known phenomenon for other materials
[243]. The miscut angle affects the average distance (width of terraces) that atoms
require to diffuse and reach the lower energy sites in a given time.
Another typical surface morphology observed for substrates with lower miscut
angle were well rounded step edges. Rounded edges were formed, instead of straight
lines aligned with low index directions, to minimise the surface energy by decreasing the
length (figure 6.7-b). This type of morphology was accompanied with trapped rounded
holes on the terraces which tended to move towards the edges over time or with further
annealing finally merged with the terrace ledge [239]. The line profile of figure 6.7-b
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Figure 6.7: a), b), e) and f) AFM height micrograph images of TiO2-terminated SrTiO3
(001) surface with c) and d) line profiles of a) and b) respectively.
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Figure 6.8: AFM micrographs of (a) as-received substrate vs. (b) vicinal single terminated
SrTiO3 with the corresponding AFM phase image (c) and (d), plus the <100> RHEED
patterns (e) and (f) respectively.
confirms that the trapped circular hole has one u.c. height and did not form as a result
of crystal defects. Step bunching is indicated by white arrows for the higher miscut
angle substrate in figure 6.7-e, while round holes are encircled on the low miscut angle
substrate topography image in figure 6.7-b. The curves marked by the dashed-line on
figure 6.7-f should not be mistaken with step bunching and they were routinely seen
when underlying crystal defects changed the local isotopy of the surface.
Surface morphologies of an as-received substrate versus fully treated substrate are
depicted in figures 6.8-a and -b with the corresponding AFM phase images (c) and (d),
in addition to the <100> RHEED patterns (e) and (f) respectively. By comparing an
as-received substrate (figure 6.8-a) with a BHF treated one (figure 6.8-b), it is clear that
not only did the terraces expand, but also there is no phase contrast arising from different
terminations, i.e., the surface is terminated by a single elemental layer. The minimal
contrast of the step edges in the phase image and steps with clear 1 u.c. height in the
height image indicate, again, a single terminating layer. Finally, it can be concluded
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that after 30 s BHF-etching and annealing at the optimised temperature of 1050 ◦C,
the substrate surface was TiO2 single terminated with high crystallinity showing sharp
RHEED diffraction spots indicating a decrease in surface disorder as a result of surface
ripening (e.g. lowering defects) by annealing. It was also shown that the substrates with
the lower miscut angles require longer annealing time because they have greater distance
between stable sites e.g. step edges. The treated substrates were used to grow ultra-thin
films of LaNiO3 which is explained below.
6.3 Ultra-thin LaNiO3
LaNiO3 ultra-thin films were grown in a PLD chamber equipped with RHEED,
as previously outlined in section 3.2. The sample was loaded into the load-lock chamber
and the sequence for RHEED imaging was as explained in section 5.3. RHEED patterns
of the substrate did not show any distinctive difference before and after heating (before
the deposition) so there was no indication of surface reconstruction at the SrTiO3 (001)
TiO22 terminated surface. As with the thicker layers, the RHEED specular spot was
monitored in order to follow the growth at a sub-unit-cell level. After the deposition, the
heater was switched off and the chamber filled with 150 mbar oxygen. The deposition
conditions for these samples are given in table 6.1.
Table 6.1: Deposition parameters used for growth of ultra-thin LaNiO3 films
Deposition parameters: Typical values
Compounds LaNiO3
Background gas O2
Background gas pressure (mbar) 0.01
Substrate temperature (◦C) 750
Spot size (mm2) 2.16
Shape of spot rectangular
Target type sintered pellet
laser fluence (J/cm2) 1.5
Figure 6.9 shows the RHEED measurements and these are seen to exhibit strong
oscillations. Deposition was started at approximately 3 s (as indicated by the black arrow
in figure 6.9) and it was ended for the 3 monolayer film at the purple arrow (labelled
3 ML). For the 2.5 monolayer sample deposition was stopped where there is a RHEED
minimum (labelled 2.5 ML). When the growth progressed, by layer-by-layer like growth
mode, the RHEED intensity maximum is considered as full coverage of one unit cell. This
maximum in intensity occurs owing to the fact that complete layer coverage represents
a minimum in the step density and so minimises off-specular scattering. The RHEED
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Figure 6.9: RHEED intensity oscillations of heteroepitaxial LaNiO3 growth. The start
and stop time of deposition is indicated for 3 ML and 2.5 ML LaNiO3 ultra-thin films.
Since the deposition rates were different for each sample, the arrow in this figure is not
the time exactly the deposition was stopped for 2.5 ML film.
minimum is then referred to as having the highest atomic roughness at the surface which
occurs at half coverage.
6.3.1 Surface analysis
After cooling, RHEED images were taken along the high symmetry 〈100〉 and
〈110〉 directions as presented in figure 6.11. There are no fractional streaks present at
the diffraction pattern and the films are fully strained to the substrate, as the measured
in-plane lattice parameter matches that of the SrTiO3 substrate. In figure 6.12, RHEED
patterns taken along 〈100〉 of the 2.5 ML and 3 ML films are shown and the position
of spots are presented schematically and labelled with spacing values given in table 6.2.
The values of in-plane lattice spacing are both similar to that of the SrTiO3 showing the
films are fully strained. The value names number 4 in figure 6.11-d) can give information
on out of plane lattice parameter, however, a more accurate determination would be
through XRD measurements which is not achievable due to the ultra-thin layer of the
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a) LaNiO₃ b) LaNiO₃2.5 ML <100> 3 ML <100>
After deposition After deposition
Before deposition Before deposition
Figure 6.10: RHEED pattern observed before and after the growth of the 2.5 and 3 ML
LaNiO3 ultra-thin films on SrTiO3 (001) substrate. The electron beam was oriented
along the SrTiO3 〈100〉 direction. The schematics, presented underneath the RHEED
patterns, highlight the streak separations that have d-spacing corresponding to the lattice
planes of LaNiO3. The solid lines passing through 3 figures of each sample are position
of primary observed integer streaks of SrTiO3 showing that the films and substrate are
matched in-plane. Extra spots are shown in the schematics when appropriate.
150
film. It can be seen from figure 6.12 that when comparing the films to the bare substrate,
there are two phenomena occurring: 1) a broadening of the streaks and 2) additional
spots are observed which are more intense in the half coverage film (2.5 ML), suggesting
the presence of 3D-like microstructures at the surface. Kikuchi lines are still present
and provide evidence for low surface roughness and high crystal quality. Each RHEED
pattern has been analysed and the streak or spot spacing calculated from the line profiles,
the pixel separation between features were converted to reciprocal spacing with the same
methodology as stated earlier.
The presence of weak transmission spots, indicate the formation of 3D-like islands
on the surface. These spots are located at the corners of a square type pattern with the
spacing value twice that of the substrate. The extracted values from the RHEED patterns
are given in table 6.2 and they can be related to (002) planes of LaNiO3. Considering
the structure factor of the perovskite structure, the diffracted intensity from the (002)
planes is greater than from the (001) planes and that is why they are not present (or are
very weak) in the pattern.
To corroborate the results obtained from RHEED, ex-situ AFM imaging of the
surface of the full 3 ML and the interrupted half coverage (2.5 ML) samples are shown
and have been interpreted by calculating the layer equivalent thickness for the deposition.
Large area scan size of 3 µm × 3 µm are presented for the 2.5 and 3 ML samples in figure
6.12-(a) and -(b) and higher resolution. A plane flattening option cannot be used for
processing these films due to the step-terrace structure as it would introduce an artificial
tilt. It is common to apply a 3 point flattening which allows illustration of step-terraces
with step heights of one unit cell. The 2.5 ML film has pronounced 3D-like islands and
figure 6.12-(g) and -h show line profiles of typical 3D microstructures observed on this
surface. It is possible that, for the 3 ML film, the deposition was stopped just after
completion of one full monolayer and the small islands are then the initial growth of
the fourth layer. Such a distinctive transition occurring within only half a monolayer of
growth is not easily explainable. If the nature of growth was layer-by-layer as the (strong
oscillations in the RHEED intensity of the specular spot suggests) from 2.5 ML to 3 ML,
only one u.c. height islands should have been observed. But they are irregularly shaped
with 1 to 1.5 nm height variation and basal diameters of 20 to 80 nm. The heights of
islands are equivalent of ∼ 3 to 4 perovskite u.c.. The 3 ML sample shows smoother
morphology with smaller islands with the same height range but basal diameters of 10 to
40 nm. Line profiles across two typical islands for each film are shown in the bottom panel
of figure 6.12 and they correspond to the white line marked on the labelled microstructure
image above them. From the height topography AFM images, the total island volume
can be deduced and used to calculate the volume of the deposited monolayer if the
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Figure 6.11: RHEED pattern observed during the growth of a 3 ML LaNiO3 ultra-thin
film on SrTiO3 (001). The electron beam was oriented along a) the SrTiO3 〈100〉 and
b) 〈110〉 directions. The schematics c) and d) highlighting the streak separations which
have the corresponding d spacing of planes of LaNiO3. Solid black lines show the primary
spacing. For clarity the streak spacings have been numbered and corresponding lattice
spacings are given in table 6.2. The values of separations were determined from the peak
separations in the line profiles of the RHEED patterns (panels e and f). Panel f shows 3
different line profiles highlighted in panel b crossing 3 various zones to show there is no
evidence of fractional streaks relating to the surface reconstruction.
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Figure 6.12: Surface morphology of LaNiO3 a) 2.5 ML b) 3 ML ultra-thin films. c) and
d) are 1 µm × 1 µm zoomed in scans and island volumes were extracted from the area
shown by white rectangle. g) and h) show line profiles for typical large islands. The
island volume was measured by grain statistic and the green areas are the grains, the
volumes of which were calculated.
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Table 6.2: RHEED streaks spacing calculated for 2.5 and 3 ML LaNiO3 ultra-thin films
Feature spacing label Electron beam Orientation Real space separation (A˚)
SrTiO3 d(100) 100 3.905(1)
SrTiO3 d(110) 110 5.522(1)
Figure 6.11(1)-LaNiO3 d(100) 100 4.1(2)
Figure 6.11(2)-LaNiO3 d(200) 100 2.06(7)
Figure 6.11(3)-LaNiO3 d(002) 100 2.08(7)
Figure 6.11(4)-LaNiO3 d(110) 110 5.52(2)
growth was performed in a layer-by-layer manner. This is called the ’layer equivalent
thickness’. The volumes were obtained using Gwyddion with the built-in grain statistics
[147]. One monolayer was considered as a perovskite structure with c-parameter of
0.3846(1) nm. The layer equivalent thickness of the islands on the 2.5 ML surface was
found to be (0.48 ± 0.05 ML) while on the 3 ML surface was (0.09 ± 0.02 ML) which
can be due to stopping the deposition just after one monolayer. This confirms that no
surface re-evaporation occurred during the deposition and RHEED can be used reliably
to control the number of deposited layers inclusion in heterostructures. To understand
the origin of the drastic changes in the nature of the growth by changing only half a
monolayer coverage, it should be noted that there are several factors in PLD that requires
extra care such as mounting the substrate using the silver paint. The silver paint consists
of fine flake silver suspended in methyl isobutyl-ketone. Due to solvent evaporation
the consistency of the silver paint gradually changes. By adding solvent, the desired
consistency can be achieved; however, it is unlikely to be exactly the same as at the start.
The thermal conduction through the silver paint also relies on the method of painting i.e.,
any trapped air or inhomogeneous dispersion of the paint results in reducing the thermal
conductivity. Moreover, to explain the change in the period of oscillations (number of
pulses per each layer); it should be considered that the RHEED oscillations are produced
by monitoring a small area of the sample depending where the beam is focused on. This
adds another uncertainty in which part of the thin film is being monitored. Above all,
where the substrate is placed regarding the PLD plume can alter the amount of material
deposited. In the next chapter, the deposition rate will be calibrated for each sample at
the beginning of the deposition.
It can be summarised that the deposition condition lead to the coherent growth
of LaNiO3 ultra-thin films. There was no observation of fractional streaks which is an
indication to oxygen octahedral tilt. This can be attributed to the ultra-thin nature of the
films. Since SrTiO3 exhibits no octahedral tilt with symmetry group pm3m and Glazor
a0a0a0, the anti-phase tilting of LaNiO3 (Glazor a
−a−a−) requires a critical thickness
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Figure 6.13: XPS spectrum of (left) survey wide-scan of LaNiO3 film deposited of 2.5,
3 ML and (right) valence band spectra for films deposited 2.5, 3 and 100 ML
to overcome the no-tilt condition induced by the substrate.
6.3.2 XPS studies
Previous studies have revealed the evolution from a metallic to localised insulating
character as a function of film thickness [62]. This phenomenon was observed from
3 ML to 2 ML thick LaNiO3 films. Here XPS was performed in order to study the region
between 2 and 3 ML and gain a better understanding of the origin of the localisation
in correlated LaNiO3. Figure 6.13 shows the long range XPS scan for 2.5 and 3 ML
LaNiO3. The valence band region is shown in the right hand-side panel of figure 6.13.
As a reference a thick sample of LaNiO3 grown at the same deposition condition is
presented. Valence band spectra features are labelled in figure 6.13-100 ML for the thick
film grown at 750 ◦C. Two features, A and B, near the EF are assigned to eg and t2g
states of Ni 3d, respectively. The next two features, named C and D, are associated with
O 2p dominant states [224]. Note that the valence band spectra shown in figure 6.13
are normalised to feature D. It is clear that the metallic behaviour of LaNiO3 has been
affected by the thickness reduction. For the 2.5 ML a band gap has opened and the
valence band no longer crosses the Fermi level. The 3 ML sample reveals similar features
to the thick LaNiO3 but there are no longer any enhanced intensity features and a shift
in the valence band structure is also visible. This indicates that the metallicity of LaNiO3
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is related to the thickness and below the critical thickness is insulating. Therefore, if any
enhanced conductivity is observed in the superlattices containing LaNiO3 layers below
the critical thickness, it must arise from interface effects.
6.4 Summary
Ultra-thin films of LaNiO3 were grown on SrTiO3 terminated substrates. The
process of the termination control was optimised to be 30 s BHF etching and 90 minutes
annealing at 1050 ◦C. The effect of termination on the growth quality was clear and
layer-by-layer growth with strong RHEED oscillations for 3 ML of LaNiO3 was observed.
RHEED patterns obtained from the films suggested that the films were grown coherently
on the substrate and fully strained. A soft band gap was opened due to the low
dimensionality nature of the growth and enhancement of weak localisations in LaNiO3.
The growth of LaNiO3 is optimised as judged by RHEED intensity oscillations and
surface morphology of ultra-thin LaNiO3. A layer-by-layer growth mode was observed
which is a prerequisite to the synthesis of artificial lattices containing LaNiO3 as will be
explained in the next chapter. The integer streak spacings seen in the RHEED, were
the same as those of the substrate, showing the film and the substrate are matched
in-plane. One u.c. height step-terrace structure of the surface implies that, the growth
was in a layer-by-layer fashion. No fractional streaks were observed indicative of the
oxygen octahedral tilt or surface reconstruction. It can be suggested that the substrate
cubic symmetry is imposed on the film due to the ultra-thin nature of the films. Since
SrTiO3 exhibits no octahedral tilt with symmetry group pm3m and Glazor a
0a0a0, the
anti-phase tilting of LaNiO3 (a
−a−a−) requires a critical thickness to overcome the
no-tilt condition induced by the substrate. The calculated layer equivalent thickness
confirmed that no surface re-evaporation occurred during the deposition and RHEED
can be used reliably to control the number of deposited layers of LaNiO3 for inclusion on
heterostructures. On the basis of these results, the successful growth of ultrathin LaNiO3
layers has been shown and indicates that they are suitable for use in superlattices. In
addition, the growth of ultra-thin films has been studied in order to investigate their
suitability for inclusion into heterostructures.
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Chapter 7
Superlattice growth of
lanthanum-based perovskites
(LaMO3 when M=Ni or Mn)
Oxide heterostructures are of great interest as they exhibit a variety of novel
properties at the interfaces which are not present in either of the bulk phases of the
constituent materials [244]. Recent advances in the fabrication of epitaxial metal-oxide
heterostructures have opened new avenues for controlled investigation of the phase
dependent behaviour of correlated electron metal oxides [245]. In contrast to perovskite
heterostructures of titanates or cuperates, nickelate thin films remain comparably less
explored, despite the fact that they have been considered promising as platform for
interface studies. LaNiO3 shows paramagnetic metallic behaviour in the bulk at all
temperatures, unlike the rest of the rare earth nickelate family which show an antiferro-
magnetic metal-insulator transition at low temperature [60, 246]. Recent experimental
studies have shown unpredicted magnetic behaviour in LaNiO3 heterostructures such
as exchange bias in heterostructures of ferromagnetic LaMnO3 and LaNiO3 on (111)-
oriented SrTiO3 suggesting an antiferromagnetic or spin glass like behaviour in the
LaNiO3 layer [66]. By using first-principles density functional theory calculations, it has
been suggested that control of the m/n ratio in (LaMnO3)m/(LaNiO3)n superlattices
with (001) orientation can determine the charge transfer and hence magnetic properties
[34]. It was also proposed that 2 monolayers of LaMnO3 separated by one monolayer of
LaNiO3 would carry a magnetic moment as high as 8 µB [34].
This chapter explains the methodology of growth and preparation of the La2NiMnO6
compound by creating superlattices of LaNiO3 and LaMnO3; deposition of each con-
stituent (LaNiO3 and LaMnO3) has been optimised for growth as judged by RHEED
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Figure 7.1: Schematic arrangement of artificially layered (LaNiOn-LaMnOn)m lattices
that were produced during this thesis.
intensity oscillations in the previous chapters. Each oscillation then corresponds to the
completion of a u.c. layer and the growth rate of that layer can be calculated from
the number of pulses. It will be shown here that a strong RHEED intensity oscillations
as an indication of a good growth does not always lead to the best structure due to
post-growth effects.
7.1 Superlattices of (LaNiO3)m-(LaMnO3)m
All superlattices were deposited by PLD at 750 ◦C in an oxygen pressure of
0.01 mbar, with a laser fluence of 2 J/cm2 at 5 Hz. SrTiO3 (001) single crystal
substrates were chemically treated to achieve TiO2-termination using the method of
Koster et al. [240] (see section 6.2.1 for details). Polycrystalline targets of LaMnO3
and LaNiO3 were pre-ablated prior to deposition to remove any surface contamination.
The growth procedure was as stated in chapter 3.2. After completion of the deposition,
oxygen pressure was increased to 150 mbar, whilst the temperature of the sample was
held at the growth temperature. The sample was then cooled to room temperature in
this oxygen environment by switching off the heater power supply. After cooling, RHEED
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patterns of the films were taken along the 〈100〉 and 〈110〉 in-plane directions.
AFM was then used to examine the surface topography. Selected films were
also prepared by conventional TEM sample preparation (see section 3.3.2.1) along
two crystallographic orientations. TEM specimens were additionally cleaned with low
pressure oxygen plasma. The JEM-ARM200F STEM microscope with Cs correction
was used for imaging with atom-by-atom resolution. In addition, chemical mapping
of the superlattices was performed by electron energy-loss spectroscopy (EELS). The
microscope was operated with an acceleration voltage of 200 or 80 kV to record the
high-angle annular dark field (HAADF) imaging as well as performing chemical mapping.
7.1.1 Growth control
Epitaxial (n/m)x superlattices consisting n u.c. of LaNiO3 and m u.c. of
LaMnO3 were deposited on SrTiO3 (001). The stacking periodicity was repeated to
grow a 100 u.c. thick (∼ 400 A˚) superlattice. This configuration is depicted in figure 7.1
for the 3 superlattices of (5/5)10, (2/2)25 and (1/1)50. Figure 7.2 shows the recorded
RHEED intensity from the specular reflection in ’one-beam’ condition of each constituent
layer -a) LaNiO3 ∼100 u.c. and -b) LaNiO3 ∼100 unit cell. The mean number of
pulses required for monolayer growth of LaNiO3 and LaMnO3 layers was 32±1 and 37±2,
respectively, however, prior to each deposition of a superlattice, the exact number of
pulses was measured by RHEED, as follows.
Figure 7.3 shows the RHEED intensity oscillations for the (5/5)10 superlattice.
As the RHEED intensity oscillations damp over time, the number of pulses to grow each
individual layer was determined using the mean value for the pulses measured from the
first few oscillations (figure 7.3-a). These numbers then were used for subsequent layers
of each material in the superlattice (7.3-b). As can be seen from figure 7.3-a, during
the initial growth of LaNiO3, the period of oscillations was not equal. Especially, the
number of pulses from the first oscillation was small compared to the average number of
pulses expected for completion of one u.c. layer of LaNiO3 (∼32). The number of pulses
for the first oscillation was 17 pulses, almost half of what was expected. This effect
was found to be dependent on the deposition temperature and was more pronounced
at high temperatures on mixed terminated substrates. The origin of this change in
RHEED intensity is unknown at the moment, but it may be attributed to the termination
conversion or a RHEED diffraction phase shift which is more probable as the phase of the
diffraction condition is not easy to be determined in one-beam diffraction condition. A
self-organised conversion of the atomic layer termination from RuO2 to SrO was reported
by Rijinders et al. in ferromagnetic SrRuO3 on TiO2-terminated SrTiO3 [247].
Regardless of the nature of this variation in the period of RHEED oscillations,
159
0 30 60 90
 
0 30 60 90
 
 a)
b)
Laser on
Laser on
RH
EE
D 
In
te
ni
st
y 
(a
rb
. u
ni
ts
)
RH
EE
D 
In
te
ni
st
y 
(a
rb
. u
ni
ts
)
LaNiO₃
LaMnO₃
Time (s)
Time (s)
Figure 7.2: RHEED specular beam intensity oscillations for each individual layer of the
superlattices a) LaNiO3, b) LaMnO3. The growth was optimised to achieve layer-by-layer
growth of each layer for atomic control of artificial layers. It should be noted that
the damping in oscillations occurs due to surface roughening which also decreases the
intensity. The insets are RHEED images taken from the films at room temperature along
the 〈100〉.
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Figure 7.3: The growth was optimised to achieve layer-by-layer growth of each layer for
atomic control of artificial layers. a) First 5 monolayers b) full deposition
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Figure 7.4: RHEED oscillations for the (2/2)25 superlattice where the period of second
oscillation was used for subsequent layers of each material. After 800 s the oscillations
were still strong and corresponded to deposition of 2 monolayer of each material.
clearly it cannot be used as a calibration for the number of pulses required for deposition
of 1 u.c. layer and a different approach was used to deposit the (1/1)50 superlattice.
For the (5/5)10 superlattice, where the RHEED period was averaged over 4 cycles after
disregarding the first oscillation in each layer as is shown in figure 7.3-a). For the
(2/2)25 superlattice, the period of the second oscillation was used for subsequent layers
of each material as also is depicted in figure 7.4-a). For the (1/1)50, the growth control
methodology was adjusted and is depicted in figure 7.5. Panel (a) shows, the initial 3 u.c.
of LaNiO3 and LaMnO3. This allowed for more accurate number of pulses to be used
for deposition of the superlattice to eliminate the error of using the first rather short
period of RHEED intensity oscillation obtained from the first u.c. layer. Accordingly, the
number of pulses from the second and third oscillations were averaged for each layer and
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Figure 7.5: RHEED intensity oscillations for the (1/1)50 superlattice a) first 3 monolayers
b) schematic arrangement of the (1/1)50 superlattice c) using the average number
of pulses growth of next few bilayers are shown d) after deposition of 40 bilayers the
oscillations still continues an indication of high quality interface properties.
used for the following single u.c. layer of each constituent.
The number of pulses required for one u.c. layer growth of the superlattices
for each layer is presented in table 7.1. Superlattice (1/1)100 was grown with a total
thickness equal to 200 unit cell. This sample was grown at thickness similar to that of
the LaMnO3 layer grown at the same deposition conditions for comparing the magnetic
behaviour Strong RHEED intensity oscillations were observed after deposition up until
the end of the deposition of each superlattice as shown in figures 7.3, 7.4, and 7.5. The
fact that the oscillations still continued even after deposition of up to 100 u.c. is an
indication of high quality interface properties and shows the calculated number of pulses
were close to the exact number of pulses required for a full u.c. layer.
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Table 7.1: Number of pulses obtained from initial RHEED intensity oscillations which is
required for one u.c. layer of each constituent.
superlattice Number of pulses used for 1 u.c. layer
LaMnO3 LaNiO3
(5/5)10 30 39
(2/2)25 32 35
(1/1)50 30 44
(1/1)100 52 35
7.1.2 Surface morphology
Defined continuous RHEED intensity oscillations are an indication of layer-by-layer
growth. Another indication of this type of growth is observation of a well ordered RHEED
pattern and AFM images showing the imprint of the substrate with a step-and-terrace
structure. The surfaces of the superlattices were examined by in-situ RHEED by analysing
the RHEED patterns taken after samples were cooled to room temperature. Then they
were examined by AFM as shown in figure 7.6. Figure 7.7 shows the RHEED patterns of
the (5/5)10, (2/2)25 and (1/1)50 superlattices along the pseudocubic 〈100〉 (a, b, and c)
and 〈110〉 (d, e, and f) orientations respectively. Line profile of the RHEED patterns are
shown under each image. The integer and fractional order streaks are marked by long
and short white lines on the RHEED patterns respectively. A sharp specular diffracted
spot (00) can be seen in all RHEED patterns of the superlattices in both directions with
integer streaks separation of the cubic SrTiO3 substrate. Well-defined Kikutchi lines are
visible for the (5/5)10 and (2/2)25 superlattices indicating atomically flat and smooth
surfaces. By comparing the RHEED patterns, it is clear that the (2/2)25 superlattice
shows the least disordered surface as the FWHM of the specular spot is narrower and
higher Laue zone diffractions are visible. Red arrows marked on the line profiles of the
RHEED images along the 〈110〉 indicate (√2×√2) R45◦ as they were absent in RHEED
patterns taken along the 〈100〉 direction.
The surface morphology of the superlattices was investigated with AFM and they
also showed smooth surfaces with a step and terrace structure similar to that of the
TiO2 terminated single crystal SrTiO3 substrates (001). AFM images were taken ex-situ
and after deposition. Figure 7.6(a-d) shows AFM height images of two different scan
sizes of 5 µm× 5 µm and 1 µm× 1 µm of the (5/5)10 and (1/1)50 superlattices. As
was suggested from RHEED intensity oscillations and also from the RHEED patterns,
true layer-by-layer growth has occurred. It can be seen from the AFM images of the
(5/5)10 and (1/1)50 superlattices in figure 7.6 that even after growth of a 100 u.c., the
initial step-terrace morphology of the single-terminated substrate surface remains visible.
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Figure 7.6: AFM topography images show surface morphology of a) and b) 5µm×5µm
area scans of (5/5)10 and (1/1)50 superlattices on single terminated SrTiO3 substrate,
respectively. c) and d) are 1µm×1µm area scans.
However, small islands are observed at the terraces in the (1/1)50 superlattice. This is
likely to be the reason for the relatively large FWHM of the diffraction spots observed
in the RHEED pattern. However, these terraces retain the imprint of the underlying
substrate indicating, that high quality growth of the (1/1)50 superlattice has occurred.
Due to the integer nature of the number of pulses, the systematic error in calculations is
the required number of pulses for 1 monolayer and remains the main source of error.
7.1.3 Surface octahedral distortions
The AFM and RHEED oscillations both indicated that the perovskite layered
structure of LaNiO3/LaMnO3 has atomically smooth surface, particularly the (2/2)25
superlattice. The RHEED pattern of the (2/2)25 sample revealed fractional order streaks
along the 〈110〉 direction. Figure 7.8 shows patterns of the (2/2)25-(001)-(
√
2×√2) R45◦
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Figure 7.7: RHEED patterns of the (5/5)10, (2/2)25 and (1/1)50 superlattices along
pseudocubic 〈100〉 (a, b, and c) and 〈110〉 (d, e, and f) orientations respectively. Line
profile of the RHEED patterns are shown under each image. The integer and fractional
streaks are marked by long and short white lines on the RHEED patterns respectively.
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Figure 7.8: RHEED patterns observations along the a) 〈110〉 b) 〈100〉 of the (2/2)25(001)
superlattice. The long (short) white lines on the images indicate integer (fractional)
streaks. A (
√
2×√2) R45◦ reconstruction or superstructure is observed. In the panel
next to the images reciprocal space patterns that are giving rise to the observed features
are shown. The dashed lines show the crystallographic orientalising seen in the pattern,
the grey (white) indicate fractional (integer) streaks. c) Shows a cross-section of the
(2/2)25 ideal superlattice.
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surface. Panel a) shows the pattern observed with the electron beam aligned along the
〈110〉 direction, while panel b) shows the pattern with the RHEED beam along the 〈100〉
direction. There were no reconstructions observed at the surface of the substrate prior
to the deposition. Both the a) and b) images show Kikutchi lines indicating the surface
of the superlattice is of high quality and very smooth. In the right hand side of each
RHEED pattern, the reciprocal space pattern which gives rise to the observed diffraction
feature including the fractional order streaks are shown. The elongated fractional spots
observed in figure 7.8-a) are the result of (
√
2×√2) R45◦ reconstructions.
The streaking spacing is half of the integer order streaks in the 〈110〉 direction,
while there are no fractional order streaks observed for the 〈100〉 direction. The super-
structure or reconstructed structure has a plane spacing twice that of the pseudocubic
lattice along the 〈110〉 while the same spacing when the electron beam is along the 〈100〉.
This is a characteristic of a 45 degree rotated lattice with in-plane lattice parameter
a=
√
2apseudocubic. To determine the origin of this feature which was observed in the
RHEED patterns for all the superlattices, it is beneficial to identify the surface termination
of the superlattices assuming the interfaces are atomically sharp with no intermixing.
Panel -c) in figure 7.8 illustrates schematically a cross-section of an ideal the (2/2)25
superlattice grown on a TiO2 single-terminated SrTiO3 (001). B-site cations (Ni and
Mn) are separated and shifted by half a u.c. out-of-plane by LaO planes.
The oxygen ions are shown in the cubic perovskite structure of SrTiO3. Since the
stacking sequence started from the LaO plane as a result of the TiO2 terminated substrate,
the final layer is MnO2. However, the schematically shown cross-section without any
distortion of oxygen octahedra is not what is observed in the deposited heterostructures.
This is attributed to the strong spin-charge-lattice coupling in perovskite manganites,
giving rise to small distortions of the MnO6 octahedra [19]. The cubic coordination is
distorted by several mechanisms such as the Jahn-Teller effect leading to a reduction in
the symmetry and degeneracy of the energy levels or the need to accommodate different
cation sizes within the cubic unit cell. This rotation is also sensitive to strain in the
lattice, cation vacancies, off-stoichiometry, and oxygen vacancies introduced during the
deposition of epitaxial thin films [103]. Since the terminating layer is LaMnO3 in these
superlattices regardless of the stacking periodicity, only the MnO6 octahedral rotation is
discussed. The situation is different in the case of the (1/1)50 superlattice as the stacking
sequence is (LaO)-(NiO2)-(LaO)-(MnO2)-(LaO)-(NiO2), and hence the environment of
the MnO2 differs from the chemical environment to that of bulk LaMnO3. Conversely,
the environment of the MnO2 in the superlattice (2/2)25 is chemically symmetric and
closer to bulk LaMnO3 [248]. Along the 〈110〉 direction RHEED reveals the orthorhombic
symmetry of manganite perovskite when they are strained epitaxially to a cubic substrate
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Figure 7.9: a) and c) shows (
√
2×√2) R45◦ arrangement. b) schematic of GdFeO3-type
orthorhombic unit cell (dashed yellow line) with MnO6 octahedra at the centre together
with perovskite pseudocubic unit cell (solid blue line) with Jahn-Teller distortion. d)
shows the Jahn-teller distortion in in a and b planes.
such as SrTiO3 [103].
The observation of fractional streaks corresponding to (
√
2×√2) R45◦ has not
been observed previously for LaNiO3-LaMnO3 superlattices. As a matter of fact, the
literature on this effect is not extensively explored using RHEED. May et al. observed
fractional order streaks in the RHEED pattern obtained from the superlattices of LaNiO3-
SrMnO3 assuming NiO2 surface reconstruction has occurred [249]. Matzdorf et al.
reported in-plane rotation of the RuO6 in Sr2RuO4 leading to the (
√
2 × √2) R45◦
surface reconstruction studied by low energy electron diffraction (LEED) [250]. However,
the existence of similar features in RHEED indicating a twofold superstructure along
the 〈110〉 electron beam direction was seen in the thin films of La2NiMnO6 [251]. It
was suggested that the
√
2a×√2a was a superstructure originating from the rock-salt
type ordering of B site cations in the double-perovskite structure of La2NiMnO6. This
is unlikely to be the case here as in the (2/2)25 superlattice the growth was controlled
by RHEED oscillations that did not damp over time indicating that interface mixing
did not occur during the deposition. This result is close to the Petrov et al. [103]
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report on LaSrMnO3 thin films; however, they have reported fractional streaks along the
〈100〉 direction. Figure 7.9 depicts graphically -a) and -b) the ball and stick model of a
orthorhombic GdFeO3-type unit cell (dashed yellow line) with MnO6 octahedra at the
centre together with pseudocubic unit cell (solid blue line) with Jahn-Teller distortion
taking place in the a and b planes. Panel -c) shows the typical (
√
2 × √2) R45◦
arrangement. Panel d) shows the top view of the in plane Jahn-Teller distortion for
LaMnO3 with Pbnm symmetry.
The orthorhombic arrangement is seen in all three superlattices, however, the
diffraction spots are sharper in the (2/2)25 superlattice with a symmetric MnO2 environ-
ment. The fractional streak intensity can be maximised in deposition optimisation by
using real-time monitoring of the RHEED spot which has been previously incorporated
to optimise the growth of cuprate films [252]. This can give an insight into the surface
termination of manganite because the intensity of fractional spots arise from MnO6
octahedral rotation and disappear with a change in the surface termination. Further
information about crystal structure and periodicity of the superlattices can be gained
from XRD measurements.
7.1.4 Structural properties
The typical XRD θ−2θ scans were performed on the (5/5)10, (2/2)25 and (1/1)50
superlattices. The XRD pattern of the (001) reflection of the (5/5)10 superlattice is
shown in figure 7.10 and clear superlattice satellite peaks ±1 are marked on the graph.
superlattice satellite peaks along with the thickness fringe reflections are as a result of
well-defined surface and interfaces of the (5/5)10 superlattice. The periodicity of the
(5/5)10 superlattice was measured using these superlattice satellite peaks and found to
be 4.1±0.1 nm.
The c-axis lattice parameter was obtained for the superlattices from the {001}
reflections using Bragg’s law. An expected total thickness then can be defined by: total
expected thickness = No. of layers × csuperlattice. In heterostructures with different
stacking periodicity of n layer of LaNiO3 and m layer of LaMnO3 the average c lattice
parameter can be obtained from Vegards’s law [253] such that
caverage = (ncn +mcm)/(n+m), (7.1)
where n and m are the number of LaNiO3 and LaMnO3 u.c. in the bilayer, and such cn
and cm correspond to the c-axis lattice parameters of LaNiO3 and LaMnO3 respectively.
However, where n = m this is just the simple average of the two c-axis lattice parameters.
Comparing the expected thickness to the obtained total thickness (measured by XRD
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Figure 7.10: X-ray diffraction θ − 2θ scan of (001) reflection in the (5/5)10 superlattice.
The satellite peaks are indicated by green arrows. The total thickness fringes were used
for thickness calculations while the superlattice satellite peaks revealed the periodicity of
superlattice.
and XRR thickness fringes) can be used as a qualitative tool to know if deposition was
stoichiometric and if any re-evaporations occurred during the deposition. The total
thickness values were within the range of expected values. In table 7.2 the expected
values for the total thickness are compared with the measured ones. It is clear that the
(2/2)25 superlattice is thinner than expected. Before concluding that the re-evaporation
or off-stoichiometric material transfer has occurred, the limitations of RHEED digitally-
controlled growth should be considered. By looking at the RHEED intensity oscillations
in figure 7.4 and the number of pulses used to grow the (2/2)25 superlattice reported in
table 7.1, it can be seen that the number of pulses used for deposition of the subsequent
LaMnO3 layer is lower than the average and possibly underestimated.
The in-plane lattice parameter was determined from a (103) asymmetric reciprocal
space map. It was found that the (5/5)10 and (1/1)50 superlattices were fully strained to
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Figure 7.11: X-ray reflectivity measurements a), b) and c) and θ−2θ XRD scan for (002)
reflection d), e), and f) of the superlattices (1/1)50, (2/2)25 and (5/5)10, respectively.
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Figure 7.12: X-ray reciprocal space map of the (5/5)10 superlattice a) (103) reflection
b) (002) reflection. Satellite ±1 peaks of superlattice are visible in figure a) which are in
line with substrate peak in Qz direction indicating that superlattice is coherently strained
to the substrate.
the substrate. Figure 7.12 shows (103) and (002) reflections for the (5/5)10 superlattice.
The satellite peaks of the superlattice are present, however, the main superlattice peak
is too close to the substrate (103) peak to be identified, hence the positions of the
satellite peaks were extracted and the midpoint between them was considered as the
best estimated position of the (5/5)10 superlattice (103) reflection. The spacing between
planes with Miller indices {hkl} can be obtained from vector analysis for perovskite oxides,
when the thin film is fully strained to the perovskite cubic substrate. The c-axis lattice is
Table 7.2: Summary of experimentally calculated lattice parameter for superlattices.
superlattice c-axis parameter (A˚) Total thickness (nm)
XRD expected value XRD XRR expected value
(5/5)10 3.917(1) 3.868(1) 41(4) 47(7) 39(1)
(2/2)25 3.899(1) 3.868(1) 26(1) 31(5) 39(1)
(1/1)50 3.896(1) 3.868(1) 35(2) 42(3) 39(1)
(1/1)100 3.886(1) 3.868(1) 78(1)
173
determined from the value of d which can be found from the tetragonal geometry from
the following equation [254]
1
d2
=
h2 + k2
a2
+
l2
c2
. (7.2)
where the substrate has a cubic structure with lattice parameter a.
7.1.5 Theoretical considerations for strain effect in the heteroepitaxial
growth
Calculation of critical film thickness is of great importance and is addressed
in terms of the onset of the relaxation through the formation of misfit dislocations.
Theoretically, the strain can be fully relaxed by introducing misfit dislocations at the
interface between the film and the substrate when the thickness of the film exceeds
a critical thickness of hc. The two most widely approached models to predict critical
thickness has been Matthews and Blakeslee (MB) [255] and People and Bean (PB)
[256]. However, it has been reported that the MB model predicts values that are too
low for critical thickness of perovskite oxides [257, 258]. The MB model is also known
to predict too low values for semiconductors giving critical thickness of ≈ 10 nm for
1% strain in the SiGe/Si system [259]. Similar arguments that explain these low values
are also valid for oxides. The PB model is a phenomenological method and can explain
semiconductor experimental data better than the MB model. Simple calculations were
performed to compare the critical thickness obtained using the MB and PB methods
from the equations given by Speck and Pompe et al. [260] and Mare´e et al. [261];
hMBc =
b¯
8pif
(
1− ν cos2 α)
(1 + ν) cosλ
(
lnβ
hc
b
)
, (7.3a)
hPBc =
b¯
40pif2
(1− ν)
(1 + ν)
(
ln
hc
b
)
. (7.3b)
Here b¯ is the Burgers vector of the dislocation, f is the relative misfit, α is the angle
between the Burgers vector of the dislocation and its line, λ is defined as the angle
between slip direction and the film normal, β is the cut-off parameter employed to explain
the continuum energy of the dislocation core (estimated to be ∼ 4) and ν is Poisson’s
ratio. Due to the lack of Poisson’s values for LaNiO3 and LaMnO3, ν was assumed equal
to 1/3 [258]. For perovskite oxides the main dislocation system is 〈110〉 {110}, b=5.523
A˚, α=90◦ and λ=45◦ for a film with (001) orientation. Using the above parameters, the
critical thickness for the LaMnO3 and LaNiO3 on SrTiO3 (001) substrate is summarised
in table 7.3. Lattice parameters used to calculate misfit strain in single layers in table 7.3
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Table 7.3: Critical thickness calculated for LaMnO3 and LaNiO3 films grown on SrTiO3
substrate (001).
Film Substrate f(%) hMBc (nm) h
PB
c (nm)
LaNiO3 SrTiO3 1.67(1) 5(1) 32(1)
LaMnO3 SrTiO3 1.11(1) 8(1) 83(1)
(LaNiO3)n-(LaMnO3)n SrTiO3 1.14(1) 6(1) 52(1)
were those of the bulk pseudocubic. To calculate the misfit strain in the superlattices,
the lattice parameter was estimated assuming the multi-layered structure mean lattice
parameters which were calculated from the thickness of each constituent layer using
equation 7.1 resulting in a mismatch value between those of the single layers.
Comparing these results with what was observed in XRD and TEM studies shows
clearly that the MB model underestimates the value of the critical thickness. This can be
explained by the difference in the nature of oxides since they are more tolerant to strain
compared to semiconductors. Perovskite oxides are slightly less sensitive to the change
in the bond due to their partially ionic nature, so the interatomic distances are kept
constant because of the dependence of Coulomb interaction on the absolute distance
between the charges [262]. The higher tolerance of perovskite to strain can be attributed
to their complicated crystal structure since the octahedra can tilt and rotate which gives
perovskite oxides extra degrees of freedom to change in their volume. Moreover owing to
the peculiarity of having a transition metal in the centre of the octahedra, the stiffness
of the oxide can vary by changing the spin state of certain transition metal ions leading
to the distortion of the octahedra. Finally the lattice parameter of perovskite oxides can
vary significantly by introduction of oxygen vacancies into the crystal [263]. Thus, a
higher tolerance to strain is expected when the material can lower its energy because of
these internal degrees of freedom [264]. Consequently, pseudomorphic perovskite films
can be grown epitaxially with misfit as large as several percent exceeding the theoretically
predicted critical thickness [261, 265, 266, 267]. The choice of single crystal substrate
and its surface treatment is crucial to coherent epitaxial growth of oxides beyond the
expected-strain-relaxed thickness. To further promote coherent growth and prevent
formation of misfit dislocations, single-terminated substrates were used. Octahedral
tilting can also be one of the reasons that experimental results exceed the theoretical
calculation of critical thickness in perovskites with a corner-sharing octahedral network.
Calculations of interfaces between two different perovskites cannot easily solve the definite
role of the mismatching symmetry at the interface from the other effects such as the
lattice mismatch, or change of the valence state. In a system such as LaNiO3/LaMnO3
on SrTiO3 the symmetry mismatch is one of the most complicated systems. Figure
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Figure 7.13: Tilted octahedra is shown for bulk-type symmetries of LaNiO3 and LaMnO3
short period superlattices green octahedral with no tilt SrTiO3, Orange octahedral
LaNiO3 with anti phase tilting (a
−a−a−), and purple LaMnO3 with Jahn teller distortion
(a−b+a−). In this representation the interface effect is not shown and clearly the real
octahedral tilt differs from this figure. Right panel: schematic illustration of the oxygen
octahedral tilt at the interface between two perovskite oxides where un-tilted octahedral is
blue, tilted is beige and the connecting octahedra are shown in pink. In b) the continuity
of corner sharing is interrupted; c) showing interface octahedral is distorted to continue
the corner sharing. (b and c taken from [268]).
7.13 displays schematically the superlattices grown in this thesis with tilting of their
octahedra. Bulk-like symmetries are used in figure 7.13 to show that the corner sharing
octahedra will be disrupted (note the disconnected octahedra specifically in the (1/1)50
superlattice. Panel b and c of figure 7.13 show that at the interface between two
lattice matched but symmetry mismatched perovskites, because of the constraints on
the continuously connected octahedral network, the interface layer undergoes additional
deformations and distortions not available in their bulk form [268]. Panel b shows the
situation without distortion of the octahedral at the interface. Panel c illustrates that
the continuity of the octahedral network can be restored if the interface region undergoes
octahedral distortions, tilting, or deformations. This includes the Jahn-Teller effect and
can involve new rotational modes. The situation is even more complicated for short
period superlattices where there is no clear distinction between the substrate and the
matching film. When modelling lattice mismatch, the constraint imposed by in-plane
lattice of the substrate can be easily applied. In contrast, when considering the symmetry
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Figure 7.14: An HAADF images of a (5/5)10 superlattice: a) an overview of the whole
superlattice and b) magnified near the interface region. In this image the brightest points
correspond to the Lanthanum and in between are the nickel or even weaker Manganese.
The layer structure can be seen from the intensity profile of the HAADF image.
mismatch in superlattice, the symmetries of the constituents are competing against each
other.
It should be noted that structural, magnetic and electrical functionalities of
perovskite oxides are strongly influenced by the octahedral rotation and deformations
through the phonon modes at the zone boundaries [72, 269]. In manganites, the hopping
matrix (thus transport properties) is influenced by the octahedral corner sharing network
that is defined by the B-O-B bond tilting angle [270]. One of the suggested methods
to study the octahedral behaviour is atomic resolution bright field imaging that can
reveal the position of oxygen in the lattice using STEM. Thus, STEM and HR-TEM were
employed to study the microstructure of the layers at the film-surface interface. The
HR-TEM images always indicated the absence of misfit dislocations at the interface of
the single layer of LaMnO3 and LaNiO3 up to 70 nm thick films. No misfit dislocations
were observed neither in STEM images of the (1/1)50, (2/2)25 and (5/5)10 superlattices,
confirming that the interface was matching coherently.
7.1.6 STEM
The (5/5)10 and (1/1)50 superlattices were examined by scanning transmission
electron microscopy. The individual layers of the (5/5)10 superlattice can be seen in
a HAADF image in figure 7.14 of the complete (5/5)10 superlattice. In all the STEM
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Figure 7.15: (5/5)10 superlattice on SrTiO3 (001) a) diffraction pattern. The growth
direction of the superlattice is shown by a black arrow on the side. b) Logarithmic-scale
intensity profile between A and B, two diffraction reflections shown in panel (a). Black
arrows indicate satellite peaks of the (5/5)10 superlattice.
images shown, the substrate is located beneath such that, the growth direction of the
layer is up. At higher magnification images all atoms (La, Ni, and Mn) are imaged
except oxygen. Due to the dependence on the atomic number Z of these HAADF images,
the brightest spots correspond to the Lanthanum. The weaker points in between are
either nickel and oxygen atoms (average brightness can be seen in LaNiO3 block) or
Manganese and oxygen atoms (lowest intensity belongs to LaMnO3 block). In panel (b)
of figure 7.14 the lowest part belongs to the substrate SrTiO3 in which the average point
intensity is lower than the layer due to the lower atomic number of Sr (Ti) comparing
to La (Ni/Mn). In this image of the (5/5)10 superlattice, as Mn and Ni do not differ
significantly in brightness, the layer structure is not very distinguishable. Moreover, all
interfaces are coherent indicating that the strain induced by the SrTiO3 substrate is
maintained. This was also confirmed by the XRD reciprocal space map measurements
shown in section 7.1.4.
Diffraction pattern along the 〈100〉 zone axis of the (5/5)10 superlattice is shown
in figure 7.15. The diffraction spots are arranged in a square due to the pseudocubic
crystal structure in this orientation. However, there are additional 1/2(000) reflections
in this patterns arising from octahedral tilting. Moreover, there are additional satellite
reflections along the growth direction due to the periodic arrangement of the layers.
Considering the diffraction images are recorded over a much larger size range compared
to the HAADF images shown previously, observation of satellite superimposed reflections
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Figure 7.16: HAADF images of the (1/1)50 superlattice: a) an overview of the whole
superlattice and b) magnified near the top surface. In this image the brightest points
correspond to the Lanthanum and in between are the alternating nickel and Manganese.
c) The 〈110〉 direction.
indicates a high quality of growth. The position of these satellite reflections are shown
in panel (b). The separation is one-tenth of a reciprocal pseudocubic lattice parameter,
since the bilayer in the (5/5)10 superlattice consists of 10 perovskite unit cells. It can
be seen that not all the satellite reflections are present. That can be as a result of the
microstructures (Ruddlesden Popper) observed in the layer interrupting the periodicity.
An HAADF image of the (1/1)50 superlattice is shown in figure 7.16 in 2 viewing
directions of 〈100〉 (panel a and b) and 〈110〉 (panel c). The difference between Mn
and Ni is hardly visible so that the alternation of B-site cation is not distinguishable at
all. However, the magnified region near the surface of the HAADF image shows the
perovskite structure indicating the growth quality was good even up to the last monolayer.
Moreover, the total thickness corresponds to that calculated from XRD measurements
and anticipated from the RHEED intensity oscillations.
In addition to the HAADF images, the composition of the superlattices can
be determined directly by EELS measurements. Following the methodology described
in Detemple et al. [271] the distribution of Ni and Mn atoms over the superlattices
were determined and such EELS composition maps are included within the rectangle
highlighted in the HAADF image in figure 7.17.
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Figure 7.17: (5/5)10 superlattice a) HAADF image and the corresponding atomic intensity
edge mapping for Ni and Mn atoms b) EELS line scan showing that although Mn intensity
goes to zero in LaNiO3 layer, there is a trace of Ni atom in LaMnO3 layer.
The intensity of the Ni-L2 and Mn-L2 edges was extracted after background
correction (power law fit). These intensity profiles taken from the Mn and Ni maps
then show the different layers of alternating Ni and Mn content (Ni is shown with a
Yellow colour and Mn with red). It can be observed from figure 7.17 that, unlike the
Mn intensity, the Ni intensity does not drop to zero when entering the LaMnO3 layer.
There are a few possible phenomena to explain this effect such as insufficient removal of
the background noise from EELS spectra and the edges of La and Ni being very close
in energy as is shown in table 7.4. The EELS maps, however, should not be used for
quantitative analysis since their statistics are not as accurate as the EELS line scan and
there are artefacts if the contrast is adjusted unfavourably. However, this is preliminary
EELS data and an appropriate de-convolution of the peaks would have been necessary
but due to the high noise of the spectra coming from the spectrometer some intensity
influenced by La is present in Ni peak. It can be concluded from the HAADF images
of the superlattices and the presence of satellite reflections in the diffraction patterns
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Element Energy edge Energy Energy edge Energy
La M5 832 M4 849
Ni L3 855 L2 872
Table 7.4: Energy bands for elemental La and Ni
that there are large areas of homogeneously layered structure which indicates the growth
was epitaxial as confirmed also by XRD scans. However, after more exhaustive STEM
analysis it was found that anomalies were present in the structure that are discussed in
the next section.
7.1.7 Microstructures
Interfaces are often the determining factor in transport properties of oxide het-
erostructures and their electronic properties sometimes completely differ from the indi-
vidual constituents. However, the entire heterostructure can be affected by macroscopic
properties of the microstructure such as formation of dislocations, planar defects or
secondary phases. Their formation alters the transport properties by interfering with the
movement of the charge carriers in the layered system. Their presence is unfavourable
and more often occurs unintentionally during the growth process. Consequently, in
addition to the structural and functional properties measurements, the microstructure
of the layers should be characterised on an atomic scale. When tailoring the functional
properties of oxide heterostructures by changing the strain, layer thickness etc., it is
necessary to study the microstructure to ensure the observed characteristics are solely
due to the altered structure of the interface and not caused by microstructures. In this
way it is valid to correlate the sample design and the properties of heterostructure.
Although the superlattices show interference fringes in the XRD corresponding
to the expected nominal total thickness which is also in agreement with the electron
diffraction observations, the presence of excess LaO layers is observed in the (5/5)10,
(1/1)50 and (1/1)100 superlattices when investigated by STEM. The presence of such
faults has been reported previously in perovskite heterostructures [271, 272, 273]. The
following images are examples of the observed faults. Figure 7.18-a) is a HAADF image
representative of these faults in the (1/1)50 superlattice. In panel (b) two regions 1 and
2 can be clearly observed. In region 2 the peaks corresponding to the different cations A
and B in the ABO3 compound have very different intensities. On the other hand, the
difference in the intensity of the respective atomic columns becomes significantly less in
region 1. This is likely due to extra LaO planes in this region [272]. The growth direction
of the excess LaO layer in the (1/1)50 superlattice changed from normal to parallel to
the substrate surface, however, it was rarely seen in the 45 ◦ to the substrate normal.
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The mechanism to explain the intensity change between regions 1 and 2 in figure 7.18
is schematically shown in panel (c). In the (1/1)50 superlattice extra LaO planes, are
partially included in the region on the left and therefore the crystal shifts by 1/2 u.c. in
the [011] direction relative to the other region. On the right, there is a rearrangement
of the atomic columns in the 〈100〉 direction and the La columns of the shifted region
overlap the Mn-O or Ni-O columns of the defect free region. It is relatively difficult to
identify the Mn and Ni atoms due to the lack of Z contrast between them. As a result
of this rearrangement the intensity difference between the two atomic columns decreases
in region 2. This half a unit cell shift is a result of excess LaO occurs in both the (100)
and (110) directions which is shown in figure 7.19 for the (5/5)10 superlattice.
The microstructure observed in these superlattices ((1/1)50 and (5/5)10) rep-
resents the structure of a Ruddlesden-Popper (RP) phase. It was concluded from the
previous chapter that the presence of a small amount of the RP phase could be the
reason for a decrease in the resistivity of LaNiO3 thin films. Consequently, the formation
of Lan+1NinO3n+1 (with n=1) in the superlattices might be expected. The La2NiO4 is
a natural superlattice consisting of alternating stacks of n layers of perovskite LaNiO3
and a monolayer of rocksalt LaO both orientated along (001). In this case, the RP-type
planar faults are a result of in-plane RP phases. There were observed both horizontally
and vertically in the (1/1)50 and (5/5)10 superlattices. Figure 7.19-b shows a HAADF
image with an extra LaO plane initially parallel to the interface. Two arrows in the
profile indicate La atoms next to each other. An intensity variation spectra is shown for
a region in the (5/5)10 superlattice in figure 7.17. It clearly shows an extra layer of LaO
has been inserted to the superlattice, the STEM image is also magnified to show the
atomic position of the excess LaO layer clearly.
However, figure 7.19-a and -b show that extra LaO planes can be observed both
parallel (green arrows) and perpendicular (red arrows) to the interface in the (1/1)50
superlattice. The difference in the intensity distribution between area 1 and 2 is because
of the RP phase. While the HAADF images of this heterostructure show a mosaic of RP
phase. Although both horizontal and vertical Ruddlesden-Popper phases were abundant
in the heterostructure, different features (figure 7.19-c and -d inside the blue ovals) were
also observed. Nevertheless it is noticeable in panels -c and -d of figure 7.19 that not all
the boundaries are parallel or perpendicular to the interface, but there are boundaries
which lie at 45◦ which would correspond to (110) planes in the pseudocubic structure.
By comparing the intensity an atomic distribution inside and outside the oval area can
be found and this is seen to be very similar to the previously shown figures. The area
inside the blue oval contains extra LaO plane partially inserted into the film. This has
not been previously reported for this material system and it would be interesting to study
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Figure 7.18: HAADF-STEM image of the (1/1)50 superlattice b) intensity profile, and c)
schematic representation of the fault explaining the decrease in intensity in region 2.
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Figure 7.19: HAADF image of the (5/5)10 superlattice. a) Showing the intensity variation
measure for the blue box marked on b) which shows the mosaic RP phase. Extra LaO
planes are included in the region 1. Extra LaO planes can be observed both parallel
(green arrows) and perpendicular (red arrows) to the interface. c) HAADF image of the
(5/5)10 superlattice showing the 45
◦ boundaries. d) is magnified area inside the blue oval
that contains extra LaO plane partially inserted into the film, and a shift is produced, so
the shifted region overlaps with the pristine one b) higher magnification image of thee
45◦ extra LaO layer
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further and obtain information on the (110) plane boundaries within the pseudocubic
perovskite structure or relate it to the RP phase formation. To determine the true origin
of the faults caused by the RP phase, cross-sectional STEM of the superlattices along
the 〈110〉 direction were performed.
〈110〉 cross-sectional STEM
Interpretation of atomic resolution STEM for phase identification can be mislead-
ing as it is a 2D projection and to relate the observed images to the crystal structure
requires changing the viewing point (i.e. Rotating the sample and studying different
planes of the sample). This rotation is limited in the microscope and requires a cross-
section specifically prepared for imaging the plane of interest. In perovskites the 〈100〉
planes are of interest due to increasing the possibility of identifying oxygen atoms and
thus octahedral rotation. The 〈110〉 cross-section samples were prepared by conventional
TEM preparation (section 3.3.2.1). Figure 7.20 shows the HAADF images taken along
the 〈110〉 pseudocubic direction. No more straight and defined boundaries were observed
similar to those seen along the 〈100〉 direction. As suggested by XRD the RP phase
are preferably grown in-plane, a LaNiO3 perovskite (a= 3.84 A˚) structure was modelled
which contained the RP structure. The viewing direction was rotated by 45◦ and is
shown in panel c). However, the model does not match the HAADF images accurately,
and further work is required. It has been shown that the coexistence of the RP phase can
affect the stacking periodicity of the superlattices adversely. However, the effect of these
microstructures on the functionality of superlattices is currently ambiguous. Preliminary
magnetic measurements indicate an interesting effect of low dimensionality related to
the superlattice on the total magnetic moment.
7.1.8 Bulk octahedral distortions
Diffraction patterns along the 〈100〉 zone axis of the (5/5)10 superlattice are
shown in figure 7.21. The diffraction spots are arranged in a square due to the pseudocubic
crystal structure in this orientation. However, there are additional reflections in these 2
diffraction patterns taken from the same specimen ((5/5)10), which are caused by the
octahedral tilting. Considering the diffraction images are recorded over a much larger
size range indicates that there is evidence for the existence of the octahedral tilting
over a wide range. In figure 7.21, it can be seen clearly that the extra reflections are
present in panel a) and b). To identify distortions or rotations of the octahedra from
these diffraction patterns, it is necessary to determine the symmetry of the superlattice.
From Glazer [71, 72] tilting classification, SrTiO3 substrate (Pm3¯m) shows no
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Figure 7.20: Ruddlesden-Popper faults imaged along the 〈110〉 direction a)) and b)
annular dark field and d) bright field conditions respectively c) shows a 3d model structure
of a perovskite lattice with RP grown in plane inside.
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Figure 7.21: Diffraction patterns along the 〈100〉 zone axis of the (5/5)10 superlattice a)
and b) were diffraction patterns taken from different parts of the same specimen showing
different tilting system exist in various domains of the structure. a) Superstructure
reflections at 1/2{odd odd even} positions are present due to the in-phase tilting of
octahedral along the viewing axis. b) The weak reflections are present at 1/2{odd even
even} positions as a result of a combination of in-phase and anti-phase tilting within the
LaMnO3 unit cell.
tilting of the octahedra shown by a0a0a0, LaNiO3 has a R3¯c group symmetry with
distinct tilt system of (a−a−a−). The LaMnO3 undergoes a Jahn-Teller distortion and
has a space-group symmetry of Pnma with a+b−b−. Woodward et al. [74] simulated
the diffraction patterns for each of the perovskite tilts and compared them to the
selected-area diffraction patterns. The extra reflections arising from the octahedral
tilt were compared to their simulated data and the extra reflections appeared in panel
a) in figure 7.21 is similar to data presented in their work. They concluded that, the
1
2{odd even even} reflections are not observed in exclusively anti-phase or in-phase tilt
systems, therefore it can be concluded that TEM diffraction patterns of the superlattices
are predominantly influenced by the Pnma symmetry of the LaMnO3 tilt system unlike
the solely anti-phase tilt system in LaNiO3. Whereas, The
1
2{odd even even} reflections
can be used as a helpful indication of mixed tilting system, it should be noted cautiously
that the displacement of cations in an anti-parallel manner can also lead to a doubling
along 〈100〉 directions [74]. In section 7.1.3 it was discussed that the top layers showed
surface reconstruction due to the tilting of oxygen octahedra in a Pnma orthorhombic
structure. This is in agreement with the diffraction pattern shown in panel (a) of figure
7.21. However, panel (b) shows extra spots in 12(0 k l) when k 6= l an indication of a
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phase change in the tilting of octahedra. The a+b−b− tilt system can be identified as a
result of cooperative Jahn-Teller distortion giving rise to the superposition reflections
in TEM diffraction patterns (see figure 6 of ref. [74]). b) Weak reflections at 1/2{odd
even even} positions arise from combination of in-phase and anti-phase tilting within
the unit-cell of LaMnO3 [274]. Extra reflections show that there are tilted domains
superimposed in the film. The extra spots cannot be related to LaNiO3 layer since
a−a−a− anti-phase titling gives no superstructure reflections (figure 7 of ref. [74]).
From the diffraction patterns shown in figure 7.21, it can be concluded that none of the
reflections arise from the LaNiO3, and LaMnO3 is more likely to be the origin of the
observed reflection spots. A further experiment to investigate this would be rotating to
a different zone axis such as [110] or growing the superlattices on different crystal planes
of the substrate, eg [110] or [111].
7.1.9 Magnetic properties
M(H) and M(T) magnetic measurements were performed on the (1/1)50, (2/2)25,
and (5/5)10 superlattices. All 3 superlattices showed weak ferromagnetism with a
magnetisation comparable to that of the 70 nm LaMnO3 thin film grown under the same
deposition conditions. Figure 7.22 shows ZFC temperature dependent magnetisation
measurements for the superlattices. As a reference the 70 nm thin film of LaMnO3 is
also shown. The diamagnetic signal of the substrate was subtracted by measuring the
bare substrate over the same temperatures and magnetic field range as the superlattices
and then subtracted using the SQUID built-in software. It can be seen that the (2/2)25
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Figure 7.22: Magnetisation as a function of temperature with 2 kOe magnetic field
applied along the axis M(T) curves for superlattices grown with various periodicity.
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superlattice shows higher magnetisation at low temperature when compared to both the
(5/5)10 and (1/1)50 superlattices. It also shows higher magnetisation per Mn ion than
thick LaMnO3 films. This suggests a weak enhancement in the net magnetisation of
the Ni site in the (2/2)25 superlattice. In the ideal case, B-site cations (Ni and Mn) are
separated and shifted half a u.c. out-of-plane by the LaO planes. The magnetic behaviour
of superlattice containing an even number of LaMnO3 layers can be discussed form the
chemical environment of MnO2. The situation is different for odd-stacking numbers
of LaMnO3 layers, particularly in the case of the (1/1)50 superlattice as the stacking
sequence is (LaO)-(NiO2)-(LaO)-(MnO2)-(LaO)-(NiO2), and hence the environment of
MnO2 differs from the chemical environment found in bulk LaMnO3. Conversely, the
environment of MnO2 in the (2/2)25 superlattice is chemically symmetric resulting in
magnetic behaviour closer to that of the bulk LaMnO3 [248].
7.2 Summary
Detailed surface analysis of the superlattices revealed a (
√
2 × √2) R45◦ or-
thorhombic arrangement due to the distortion of the MnO6. The RHEED data suggests
that the growth of these materials is optimised with purely 2D layer-by-layer growth
mode. Strong intensity oscillations were observed and streaky patterns were seen in the
RHEED suggesting a layer-by-layer growth mode. This does indeed occur in agreement
with the out-of-plane XRD data obtained on the superlattices. It is unlikely that a truly
2D growth mode would be observed by RHEED if the precipitation of these RP phases
was occurring simultaneously with growth. Therefore, it is suggested that the kinetics of
this process are slower and, as a result of the non-stoichiometry combined with elevated
temperature at low oxidisation conditions and RP phase forms. It is clear from this data
that detailed ex-situ analysis of these superlattices is essential to truly understand the
nature of the material properties required for devices.
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Chapter 8
Conclusions and future work
8.1 Conclusions
In this thesis a wide range of techniques have been used to study the preparation
of thin films of artificially layered lanthanum based oxides. Structural, chemical, electrical,
and magnetic properties of lanthanum-based oxides have been studied systematically.
State-of-the-art fabrication by UHV-PLD was used to take advantage of such controlled
thin film deposition to engineer novel predesigned, layered materials. By varying the
growth parameters, one can tune the structural and magnetic properties of lanthanum
manganite thin films. If chosen carefully, thin films of specific crystal structures can be
fabricated which would not otherwise be stable. Each constituent layer was carefully
optimised to achieve high crystallinity and smooth interfaces. The observation of RHEED
intensity oscillations during the growth allows precise growth rate control and the
ability to design artificial lattices on the atomic level. This approach makes fabrication
of exceptionally rare metastable superstructures possible. It has been shown that to
achieve atomically sharp interfaces, surface treatment of the substrate was crucial.
The conventional HF treatment [240] followed by annealing in a tube furnace was
used to start the growth from single terminated surface of SrTiO3 crystal to achieve
atomically controlled fabrication of thin films and superlattices. The substrates used
in this work were closely matched to the pseudocubic in-plane lattice parameter of the
chosen layers. The orientation of the substrate crystal was (001) without any observed
surface reconstruction. The structure and surface morphology of the treated substrates
were examined by atomic force microscopy and x-ray diffraction, respectively, and the
annealing temperature was optimised accordingly. The temperature of 1050 ◦C and
an etching time of 30 s were determined to be appropriate for the purpose of single
termination and also surface roughness within one unit cell of the perovskite SrTiO3
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crystal. Pulsed laser deposition was used to grow LaMnO3 thin films on SrTiO3 (001)
substrates. Layers were successfully deposited, demonstrating the ability of self doping
using an oxygen excess resulting in LaMnO3+δ layers. The structural, transport, and
magnetic properties of these LaMnO3 thin films, grown at various substrate temperatures,
were characterised in both low and high oxygen background pressures. The unusual
magnetic properties, such as spin glass-like behaviour and an exchange bias, observed
for the films grown at high temperatures in lower oxygen pressure is an indication of
an intrinsically inhomogeneous magnetic state in the locality of the transition. There is
an important question concerning the origin of such magnetic inhomogeneity. This can
be attributed to the formation of antiferromagnetic correlation with the ferromagnetic
phases. Considering the ground state antiferromagnetism in stoichiometric LaMnO3,
there is the possibility that such antiferromagnetic interactions can occur, even in oxygen
rich thin films [275]. It can be concluded that, the unusual magnetic behaviour seen
in the LaMnO3 films grown at Tg=700 and 750
◦C in pO2=10−4 mbar, appeared as a
result of the antiferromagnetic correlation developing in the ferromagnetic phase. The
effect of deposition conditions on the surface morphology suggested that films tend to
lose more oxygen during the cooling cycle, as this effect is more severe in lower oxygen
pressure for higher temperature of growth. Surface roughening occurred to the point
where no diffraction pattern could be attained from the surface, suggesting oxygen loss
occurred after deposition when cooling in low oxygen pressures. To avoid this adverse
effect on the stoichiometry and also at the surface morphology, later samples were cooled
in a high oxygen pressure of 150 mbar. It would be of interest to run these experiments
in an oxygen filled chamber during cooling and investigate the effect on the magnetic
properties and also stoichiometry of the films.
It has also been established that for the LaNiO3 thin films the resistivity falls
and crystallinity improves as the growth temperature rises from 600 ◦C to 750 ◦C. The
intensity of the (00l) reflections continues to increase as the temperature is increased. It
was also found that at temperatures lower than 700 ◦C, a Ruddlesden-Popper (RP) family
of nickelates (La2NiO4) coexists adversely affecting the resistivity. The films deposited at
750 ◦C found to have the best physical properties with strong RHEED specular intensity
oscillations. XRD patterns of the films indicate the presence of a La2NiO4 second phase
at lower growth temperatures. This contradicts what has been reported in the literature
and explains the structural change by decomposition of LaNiO3 at temperatures above
750 ◦C [211, 213, 214]. Increasing the growth temperature increases the uptake of
oxygen during the cooling. Since it remains at a high temperature for longer oxygen
better incorporates into the lattice. By contrast, the films grown at low temperatures are
more oxygen deficient due to the shorter exposure to a high oxygen pressure. Oxygen
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deficiency results in the formation of Ni2+ and the subsequent nucleation of La2NiO4
which is highly insulating. This was also confirmed by the highly insulating behaviour
of the film grown at 600 ◦C. The lowest room temperature resistivity value of 2 mΩcm
for the film grown at 750 ◦C is at the upper range of resistivity reported previously for
LaNiO3. The existence of an RP phase was confirmed using an in-plane grazing incidence
XRD and also an atomic resolution STEM. There were traces of La2NiO4 remained in
the film grown at 750 ◦C, although it could not be detected by out-of-plane XRD scans.
It can therefore be concluded that, regardless of strong RHEED intensity oscillations,
indicating a layer-by-layer growth mode, the physical properties of LaNiO3 are strongly
dependent on the oxidisation conditions. Hence, a higher oxygen background pressure is
required to eliminate non-stoichiometric growth. Considering that the LaNiO3 target
contains 95 % RP phase, it can be concluded that the role of the target is more dominant
than that of the growth conditions. Moreover, the existence of the RP phase has been
reported previously for LaNiO3 superlattices where the authors claimed the target was
stoichiometric [271]. Ultra-thin films of LaNiO3 were grown on TiO2 single terminated
SrTiO3 substrates. The effect of surface termination on the growth quality was clear and
layer-by-layer growth with strong oscillation for 3 ML of LaNiO3 was observed. RHEED
patterns obtained from the films suggested that the films were coherently grown on the
substrate and fully strained.
Using RHEED and XRD the growth was optimised for each layer of LaMnO3 and
LaNiO3. Epitaxial (n/m)x superlattices consisting n unit cells of LaNiO3 and m unit
cells of LaMnO3 were deposited on SrTiO3 (001) using real-time monitoring of RHEED
intensity oscillations. The stacking periodicity was repeated x times to grow a 100 unit
cell. However, the instability of LaNiO3 leads to a secondary phase of the RP La2NiO4
within the superlattices. Only within a small PLD growth window, such as target, laser,
substrate temperature and oxygen pressure, can (cation) stoichiometric LaNiO3 and
LaMnO3 thin films be synthesised from a stoichiometric target. It has been shown in this
work that regardless of the non-stoichiometric transfer of the cations during ablation,
strong RHEED intensity oscillations and layer-by-layer (2D) growth mode can be observed.
Although the structural properties of LaNiO3, LaMnO3 and the superlattice containing
them stay intact for large stoichiometric deviations, even small percentage deviations
can lead to changes in the transport and magnetic properties of them. The RP phase
was detected in the LaNiO3 single layer film and also the superlattice containing LaNiO3
using STEM microstructure analysis. It is unlikely that a truly 2D growth mode would be
observed by RHEED if the precipitation of the RP phases was occurring simultaneously
with growth. It is clear from this data that detailed ex-situ analysis of these superlattices
is essential to truly understand the nature of the materials properties required for devices.
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8.2 Future work
The unusual magnetic transition observed in LaMnO3 thin films grown in low
oxygen background pressure and temperatures above 700 ◦C could be a consequence of
magnetic frustration occurring near the grain boundary regions leading to a glassy-like
state. By performing temperature dependant AC-susceptibility measurements in an
applied field at various frequencies, this point can be clarified. If the position of the
real AC-susceptibility peak does not show any dependence on frequency, the presence
of glassy-like state could be ruled out. There remain several questions to be answered
for the existence of the secondary phase of RP in the superlattice samples. The initial
investigation suggested the non-stoichiometry target material of LaNiO3 to be the main
reason and this was further investigated using EDX and XRD. While the EDX results
showed a La:Mn ratio of 1:1, the XRD results were surprisingly different and showed no
perovskite phase at all. Further work should be done to investigate the origin of this
phase transformation. At 900 ◦C, decomposition of the perovskite LaNiO3 to the RP
phase occurs. It is unlikely that the whole target reaches such a temperature as a result
of the laser irradiation, although it can be tested by performing XRD after a couple
of thousands laser pulses at the energy density that was used during this work. The
present results are not sufficient on their own to draw a final conclusion, since there is no
information on the target phase purity and stoichiometry prior to deposition. The way
forward should be to fabricate new stoichiometric targets, then deposit LaNiO3 films
with the exact deposition conditions used in this work. If the RP phase is seen again
then the growth dynamics should be investigated. TEM microstructure studies along
with grazing angle in-plane XRD proved to be the right tools to verify the stoichiometry.
Temperature dependant Hall-effect measurements can be used to monitor the electrical
properties of LaNiO3 films since stoichiometric LaNiO3 films show metallic behaviour at
all temperatures.
HAADF images revealed the existence of both horizontal and vertical RP planer
faults in the (1/1)50 and (5/5)10 heterostructures. However, not all the boundaries
were parallel or perpendicular to the interface, as there were also boundaries which
lie at 45 ◦ to the interface that could corresponding to (110) planes in a pseudocubic
structure. This has not been previously reported for this material system and excessive
data analysis is required for truly understanding the formation of the RP phase in LaNiO3
thin films and also in the nickelate based superlattices. For example, digital-large angle
convergent beam electron diffraction (D-LACBED) is a new approach that can be used
to characterise several types of defects such as stalking faults, anti-phase boundaries, and
dislocations. By digitally controlling the movement of the aperture in a TEM, a series of
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Figure 8.1: D-LACBED pattern produced by recombining the (000) beam (a) the (1/1)100
superlattice and (b) SrTiO3 substrate with Pm3¯m symmetry. The film has clearly lost
the 3 fold mirror symmetry of the substrate.
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convergent beam electron diffraction (CBED) patterns can be collected and reconstructed
to from a large angle convergent beam electron diffraction (LACBED) pattern. This was
performed on the (1/1)100 superlattice where the RP faults were abundant and on the
fault-free perovskite substrate. The BF HR-TEM and the corresponding place where the
LACBED was measured are encircled (see panel (a) in figure 8.1 the (1/1)100 superlattice
and panel (b) the SrTiO3 substrate). In contrast to panel (b) (the cubic SrTiO3 with
perfect perovskite structure), the D-LACBED pattern of the (1/1)100 superlattice in
panel (a) shows lower symmetry. In this manner the centre of the pattern is the (000)
disc which always shows at least two-fold symmetry. It is clear from the panel (b) of
figure 8.1 that the mirror symmetries corresponding to a cubic material are not present in
this pattern. For the future work the D-LACBED images can be quantitatively compared
to the simulated patterns for the [000] straight through beam. This is a novel technique
to resolve structure and space group of the perovskite thin films and superlattices.
The observed (
√
2 × √2) R45◦ surface reconstruction seen for the LaNiO3-
LaMnO3 superlattices gives rise to fractional streaks when the electron beam is aligned
along the < 110 > crystallographic orientation of the SrTiO3 substrate. Their origin
was associated with the oxygen octahedral tilting during the growth. By real-time
monitoring of these spots, deposition can be stopped at the desired termination. Surface
X-ray diffraction can give valuable information on the in-plane coherence length of the
orthorhombic unit cell at the surface formed as a result of the distortion of the MnO6
octahedra. The effect of the periodicity of the superlattice on the long range order of
the orthorhombic surface unit-cell can be studied quantitatively using the structural
refinement of SXRD data. The effect of the non Jahn-Teller Ni3+ ion on the scale of the
Jahn-Teller component and rotations about the pseudocubic axis of MnO6 in (1/1)50
superlattice can also be investigated using this method.
The content of this thesis has attempted to demonstrate the huge strides that
have been made in the crystalline growth of perovskite oxide thin films using PLD. It
has, however, only scratched the surface with an investigation of LaNiO3 and LaMnO3
thin films and superlattices. It was illustrated an experimental route by which the
rotation and tilting of the functional BO6 octahedral units can be detected. There
remains a number of potential directions for future work, in particular, the opportunity
to use epitaxial constrains in targeted perovskites to possibly achieve new ground-states
inaccessible in their bulk. Full exploration of these exciting opportunities can be achieved
not only by epitaxial strain thorough the lattice mismatch but also via the symmetry
mismatch resulting in a unique octahedral tilting system, therefore, different properties.
Consequently, in-situ surface analysis during the growth could provide a structural-driven
control method of the desired functional properties in perovskite heterostructures.
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